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ABSTRACT

The Influence of Multiyear Drought-driven Habitat Loss on the
Bear Lake Sculpin (Cottus extensus) and the Bear Lake Strain
of the Bonneville Cutthroat Trout
(Oncorhynchus clarkii utah)

by

Hayley Glassic, Master of Science
Utah State University, 2018

Professor: Dr. Jereme Gaeta
Department: Watershed Sciences and the Ecology Center

Multiyear drought is projected to increase in frequency and duration in arid and
semiarid regions across the world, threatening native species and ecosystem function. The
effects of multiyear drought are often exacerbated by human water use for consumption,
energy production, and agriculture, which, in lentic ecosystems, manifest in reduced lake
elevation causing altered habitat availability and aquatic connectivity for aquatic species.
Here, we demonstrate that decreasing lake elevation, associated with drought and water
management, reduces the availability of littoral cobble habitat and increases tributary
channel distance by creating an elevation-explicit littoral habitat map and an elevationexplicit tributary channel distance map, respectively. We combined long-term fish catch
data and a lake elevation time-series with our elevation-explicit maps to model whether
fish species population dynamics are related to drought-driven changes in littoral habitat
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and tributary channel distance. We surveyed the littoral zone of Bear Lake, UT-ID, from
full pool to a depth of >18m, totaling 94.86 surveyed km2. As lake elevation decreased >6
m from full pool to the lowest historical elevation, littoral cobble decreased by >97%, and
tributary channel distance increases up to 400% that of full pool. Bear Lake sculpin, a
cold-water fish species of concern that relies on cobble for reproduction, catch per unit
effort decreased by >75% at the minimum cobble area available, and year class strength
declined by as much as 86%, but varied across age. Bear Lake Bonneville cutthroat trout,
an adfluvial sport fish that relies on connections between tributaries and the lake to
complete their life cycle, year-class strength declined by as much as 62%, but growth was
not related to drought. Our results quantify a relationship between lake elevation, littoral
habitat, and hydrologic connectivity, and demonstrate the effect of habitat loss and
connectivity on ecologically important fish species. We demonstrate the need to
understand the effects of climate and protracted drought on aquatic ecosystems and
provide a methodological framework for quantifying drought effects on littoral habitat and
tributary-lake connections.
(119 pages)
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PUBLIC ABSTRACT

The Influence of Multiyear Drought-driven Habitat Loss on the
Bear Lake Sculpin (Cottus extensus) and the Bear Lake Strain
of the Bonneville Cutthroat Trout
(Oncorhynchus clarkii utah)
Hayley Glassic
Multiyear drought is expected to increase in occurrence and severity in dry regions
across the world, such as the American Southwest, endangering native species and
ecosystem health. The effects of multiyear drought are often worsened by human water
use for consumption, energy production, and agriculture, which, in lakes and reservoirs,
cause reduced lake elevation. Reductions in lake elevation may leave previously
submerged habitat stranded along shorelines and make tributaries inaccessible to fishes.
Here, we show that decreasing lake elevation, associated with drought and water
withdrawal, reduces the availability of shoreline cobble habitat to fishes and increases
tributary distance by creating an elevation-specific shoreline habitat map and an elevationspecific tributary channel distance map, respectively. We combined 17-years of fish
survey data and lake elevation history with our elevation-specific maps to determine
whether the number of fishes observed and the number of fish hatching are related to
drought-driven changes in shoreline habitat and tributary channel distance. We surveyed
the shoreline zone of Bear Lake, UT-ID, from full pool to a depth of >18m, totaling 94.86
surveyed km2. As lake elevation decreased >6 m from full pool to the lowest historical
elevation, shoreline cobble decreased by >97%, and tributary channel distance increases
up to 400% that of full pool. Bear Lake sculpin, a cold-water fish species of concern that
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relies on cobble for spawning, catch per unit effort decreased by >75% at the minimum
cobble area available, and the number of sculpin successfully becoming adults declined by
as much as 86%. The number of Bear Lake Bonneville cutthroat trout, a sport fish that
relies on connections between tributaries and the lake to complete their life cycle,
successfully becoming adults declined by as much as 62%, but annual growth was not
related to drought. Our research is an example of the severe consequences of multiyear
drought conditions and water withdrawal on lakes and reservoirs, as well as the fishes they
support. Indeed, understand the effects of extended drought on aquatic habitats is critical
to maintain healthy lakes and reservoirs, to sustain native species, and to maintain the
health of popular sport fisheries.
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CHAPTER I
INTRODUCTION

Increases in temperature and decreases in precipitation are projected in arid and
semiarid regions across the world over the next century (Bates et al. 2008, Seager and
Vecchi 2010, Cook et al. 2014). Climate-induced changes in evapotranspiration (Jung et
al. 2010, Cyan et al. 2010), precipitation (Cook et al. 2014, Cook et al. 2015), and
snowpack (Fyfe et al. 2017, Seager et al. 2014, Mote 2005) may drive the seasonal
hydrologic cycle in the American southwest to become drier. Changes in the southwestern
hydrologic cycle are expected to synergistically increase drought frequency and duration
(Bates et al. 2008, IPCC 20014) causing unprecedented stress on lakes and reservoirs
since human settlement.
Drought is driven by altered hydrologic cycles, which can affect aquatic
ecosystems. Human water uses in North America can exacerbate these conditions by
increasing yearly drought frequency and intensity (i.e., the water deficit below a normal
threshold) (Wada et al. 2013). Increased frequency of multiyear droughts can have
detrimental effects on aquatic ecosystems (Lake 2003, Carpenter et al. 2011a, Ledger et
al. 2011, Morrongiello et al. 2011a). Hydrologic changes and human water use can act
synergistically to reduce lake elevation, a trend projected to increase with climate change
(Mortsch and Quinn 1996, Schindler 2009). Lake elevation declines can influence littoral
zones, aquatic connectivity, and the ecosystems dependent upon them (Nowlin et al. 2004,
Zohary and Ostrovsky 2011, Gaeta et al. 2014). Bear Lake, UT-ID is an example of an
ecosystem with a fragile endemic fish assemblage that may be influenced by not only
hydrologic drought but also human water use during drought periods.
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The Bear Lake Sculpin (Cottus extensus) is one of 4 endemic species in Bear Lake
and is an important prey source for the sport fish community (Dalton et al. 1965, Ruzycki
1995, Ruzycki et al. 1998). Bear Lake Sculpin (hereafter referred to as sculpin) spawn in
cavities of large cobble and small boulders in the shallow waters (0.50 – 3.00 m) of the
littoral zone (Ruzycki et al. 1998). The projected increase in frequency and duration of
drought conditions (Seager et al. 2007, Seager and Vecchi 2010, Cook et al. 2014) may
reduce the area of submerged littoral zone cobble in Bear Lake due to drought-driven lake
elevation declines. Previous drought periods in Bear Lake were associated with reduced
precipitation, increased evapotranspiration, and periods of high reservoir water
withdrawal, causing lake elevation declines that leave previously submerged areas of the
littoral zone of Bear Lake stranded along the shoreline (Ruzycki et al. 1998). We will
examine the potential effects of drought-driven lake elevation declines on cobble habitat
and the sculpin population due to the potential importance of littoral zones and droughtdriven lake elevation reductions.
The Bear Lake strain of the Bonneville cutthroat trout (hereafter referred to as
cutthroat) is the only natural adfluvial population of Bonneville cutthroat trout in Idaho
and Utah (Lentsch et al. 2000, Teuscher and Capurso 2007). Cutthroat are important both
economically and ecologically; they are one of the main sportfishes of Bear Lake and are
the native apex predator of Bear Lake. The naturally-reproducing population of cutthroat
in Bear Lake is supplemented through legal stocking of fingerling cutthroat by the Utah
Division of Wildlife Rescources (Teuscher and Capurso 2007). During their spawning
migrations, the cutthroat swim upstream into four tributaries of Bear Lake to create redds
and deposit eggs (Teuscher and Capurso 2007). However, the cutthroat are often exposed
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to adverse conditions during drought periods, including reduction in tributary base flow
(Palacios et al. 2007) and even complete hydrologic disconnection between the lake and
the tributaries (Teuscher and Capurso 2007). Few published reports exist about the
population’s response to drought despite the intensive management of the species and its
ecological and economical importance. We will examine the potential effects of droughtdriven lake elevation decline on tributary connectivity and the Bear Lake Bonneville
cutthroat trout population due to the importance of tributary connectivity and the
anecdotal relationship between lake elevation decline and connectivity.
In chapter 2, we tested whether (i) a relationship exists between lake elevation
and submerged littoral habitat, specifically cobble, available to fishes and (ii) the response
of fishes to persistent declines in available littoral habitat. We combined an elevationexplicit cobble habitat survey with lake elevation time series to hind cast submerged
littoral habitat available to sculpin at varying lake elevation across numerous drought
cycles. We focused on population-level metrics of catch per unit effort (CPUE) and yearclass strength to examine potential effects of habitat reductions on the sculpin population.
We hypothesized that drought-driven lake elevation reductions would decrease the
amount of littoral cobble available to fishes and have a negative effect on fish density and
year class strength.
In chapter 3, we tested whether (i) a relationship exists between lake elevation
and tributary connectivity, and (ii) the response of cutthroat to persistent declines in
tributary connectivity. We combined an elevation-explicit tributary channel distance map
with lake elevation time series to hind cast tributary channel distance cutthroat may be
exposed to during migration periods. We focused on population-elevation and individual-
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elevation metrics of year-class strength and growth to examine potential effects of
tributary-lake connectivity on the cutthroat population. We hypothesized that droughtdriven lake elevation reductions would decrease tributary connectivity and have a negative
effect on cutthroat year-class strength and growth rates.
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CHAPTER II
MULTIYEAR DROUGHT-DRIVEN LITTORAL HABITAT LOSS AND THE
DECLINE OF AN ENDEMIC FISH SPECIES OF CONCERN IN A
LARGE, DEEP, DESERT LAKE

Introduction
Arid and semiarid regions across the world are projected to become warmer and
drier over the next century (Bates et al. 2008, Seager and Vecchi 2010, Cook et al. 2014).
The seasonal hydrologic cycle in the American southwest is expected to become
particularly dry due to climate-induced changes in evapotranspiration (Jung et al. 2010,
Cyan et al. 2010), precipitation (Cook et al. 2014, Cook et al. 2015), and snowpack (Fyfe
et al. 2017, Seager et al. 2014, Mote 2005). Indeed, evapotranspiration rates in the
American southwest were greater in recent decades than in most of the previous century,
and future evapotranspiration rates are projected to increase with climate change (Seager
and Vecchi 2010, Scheff et al. 2014). While precipitation is projected to become more
variable, and may even moderately increase in some regions of the American southwest,
evapotranspiration is expected to outweigh any water storage gain associated with
increased precipitation (Cook et al. 2014). Furthermore, spring mountain snowpack has
decreased upwards of 20% between the1980s and 2000s due to climate change (Fyfe et al.
2017) and winter precipitation and snowpack is expected to decrease in the future (Seager
et al. 2014, Seager and Vecchi 2010, Mote 2005), contributing to an altered hydrologic
cycle. Changes in the hydrologic cycle of the American southwest are expected to act
synergistically to increase drought frequency and duration in the future (Bates et al. 2008,
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IPCC 20014), causing unprecedented stresses on water resources, such as lakes and
reservoirs (Ault et al. 2014, Cook et al. 2015).
Drought, driven by decreased precipitation, reduced snowpack, and/or increased
evapotranspiration, is exacerbated by human water use. These factors can, independently
or synergistically, severely affect aquatic ecosystems. Human water use in North America
can increase drought frequency by nearly a third and the intensity (i.e., the water deficit
below a normal threshold) up to 500% (Wada et al. 2013). Increased frequency of
multiyear droughts (droughts lasting > 2 years), in particular, can have detrimental effects
on aquatic ecosystems (Lake 2003, Carpenter et al. 2011a, Ledger et al. 2011,
Morrongiello et al. 2011a). The risk of multiyear drought was less than 15% from 19502000 for the American southwest; however, the risk of multiyear drought is expected to
increase to 50-80% within the next 5 to 7 decades (Cook et al. 2015, Ault et al. 2014).
Lake elevation declines can have calamitous effects on littoral zones and lentic
ecosystems dependent upon them (Nowlin et al. 2004, Zohary and Ostrovsky 2011, Gaeta
et al 2014).
Littoral zones are highly productive shallow-water areas of lentic ecosystems that
provide critical habitat and support ecosystem function through the exchange of energy
within aquatic food webs. Littoral zones are also an interface between terrestrial and
aquatic systems (Strayer and Findlay 2010). Fishes are reliant on littoral zones for primary
production (Vander Zanden et al. 2011, Vander Zanden and Vadeboncoeur 2002,
Vadeboncoeur et al. 2002) and invertebrate food production (Helmus and Sass 2008,
Mittlebach 1981, Schindler 2000, Werner et al. 1983). Littoral zones can support over
50% of food consumption by some lentic fish communities (Vander Zanden and

7
Vadeboncoeur 2002) as fishes across all trophic levels have been shown torely on littoral
food sources both directly and indirectly (Vadeboncoeur et al. 2002), regardless of
morphological or limnological lake attributes (Vander Zanden et al. 2011). Littoral zones
also serve as critical habitat for many fish species (Beauchamp et al. 1994, Martin et al.
1981, Gaeta et al 2014), with fishes using littoral zone structures for refuge (Mittlebach
1981, Sass et al. 2006b, Winfield 2004) and spawning habitat (Gasith and Gafny 1990,
Lawson et al. 2011, Salojarvi 1982).
Littoral zones are drastically altered as lake elevations decline (Ficke et al. 2007,
Gasith and Gafny 1990, Lake 2011), threatening the persistence of fish species (Gaeta et
al. 2014, Trial et al. 2001) at the individual and population-levels. Loss of littoral structure
can affect population abundances by increasing predation rates (Crowder and Cooper
1982, Jones et al. 2006, Sass et al. 2006b), increasing intra- or interspecific competition
(Garvey 1994, Fischer 2000), or changing community structure (Diehl 1992, Gaeta et al.
2014, Sass et al. 2006b). Increases in competition among fishes due to loss of littoral
structure is also associated with reduced individual growth rates (Mittlebach 1988, Gaeta
et al. 2014). However, the effects of multiyear lake elevation reductions on littoral habitat
and lake ecosystems has received little attention in climate change fisheries research
(Ficke et al. 2007, Gaeta et al. 2014, Lynch et al. 2010). Studies focusing on droughtdriven littoral habitat reduction and its influence on fish populations are limited to littoral
fish species (Gaeta et al. 2014), which is appropriate in small lakes where littoral zones
comprise a large proportion of total lake area. A knowledge gap, however, exists in the
influence of drought-driven littoral habitat loss on large lakes whose littoral zones may
only comprise 10% or less of the total lake area. Furthermore, little is known about the
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effects of littoral habitat loss on species that use littoral zones for limited portions of their
life-cycle, such as reproduction. Evaluating whether deep water, profundal fishes (i.e.,
species that spend the majority of their life below the range of effective light penetration
and below the thermocline) respond to the loss of littoral structures under reduced lake
elevation conditions is critical for understanding the divers pathways through which future
climate change and multiyear droughts may affect lentic ecosystems.
Lentic ecosystems of the American Southwest, like those in Utah, are susceptible
to drought-driven lake elevation decline (Barnett and Pierce 2008). Four of Utah’s seven
major droughts during the last century occurred within the last 30 years, averaging 8.5
years in duration and causing drought-driven lake elevation declines for multiple lakes in
Utah (MacDonald 2010, Utah Division of Water Resources 2007). Here, we test whether
drought-driven lake elevation decline affects littoral habitat and, subsequently, an endemic
fish population in a large, oligotrophic lake in northern Utah. More specifically, we
evaluated whether (i) a relationship exists between lake elevation and submerged littoral
habitat, specifically cobble, available to fishes and (ii) whether population dynamics of a
cold-water fish reliant on littoral cobble for reproduction are altered in the face of drought
driven declines in available littoral habitat. We hypothesized that drought-driven lake
elevation reductions would decrease the amount of littoral cobble available to fishes and
have a negative effect on fish density and recruitment.

Methods
Study Site
Bear Lake is a large (28,200 ha), oligotrophic, freshwater lake with a maximum
depth of 63 meters and lies on the border of Utah and Idaho in the United States of
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America (Fig. 2.1). The lake is a natural feature on the landscape, but was altered for
human use in the early 1900s. Utah Power and Light constructed a canal system and a
pump station in 1917 to divert the Bear River into Bear Lake (Milligan and Davis 2011).
The full pool elevation of Bear Lake is considered to be 1805.52 meters above sea level
(masl). The top three meters of Bear Lake (1802.80 – 1805.52 masl) serve as water
storage for irrigation and power generation (Milligan and Davis 2011). Over the past
century, Bear Lake has experienced lake elevation reductions up to 6.59 meters (m) below
the full pool elevation (Fig. 2.2). The declines are associated with the six significant
droughts in Utah since 1898: 1898 – 1905 (pre-pump station, no maximum reduction data
available), 1928 – 1936 (level reduced to 6.59 m below full pool), 1946 – 1964 (level
reduced to 4.23 m below full pool), 1976 – 1979 (level reduced to 2.64 m below full
pool), 1987 – 1992 (level reduced to 5.55 m below full pool), 1999 – 2004 (level reduced
to 6.26 m below full pool), and the most recent drought cycle from 2012 – 2017 (level
reduced to 3.52 m below full pool, Fig. 2.2, Utah Division of Water Resources 2007).
These periods of drought left formerly submerged littoral habitat exposed along the
shoreline of Bear Lake (Fig. 2.3).

Study Species
The Bear Lake Sculpin (Cottus extensus, hereafter referred to as sculpin) is the
only cottid species found in Bear Lake and is an important prey source for the sport fish
community (Dalton et al. 1965, Ruzycki 1995, Ruzycki et al. 1998). This species is
endemic to Bear Lake and is a species of concern within the state of Utah. The upper
length for sculpin observed in Bear Lake is about 137 mm for females and 173 mm for
males with a maximum age of 4 years old (Ruzycki et al. 1998). Bear Lake sculpin are a
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profundal fish that spend the majority of their life below the depth of light penetration;
however, they are reliant on the littoral zone during a short period of time within the year
to complete their life cycle.
The Bear Lake sculpin have a unique life history. Bear Lake Sculpin mature at age
2 and spawn in cavities of large cobble and small boulders in the shallow waters (0.50 –
3.00 m) of the littoral zone (Ruzycki, Wurtsbaugh, and Lay 1998). The projected increase
in frequency and duration of drought conditions (Seager and Vecchi 2010, Cook et al.
2014, Seager et al. 2007) may reduce the area of submerged littoral zone cobble in Bear
Lake due to drought-driven lake level declines. The drought-driven reduction in cobble
substrate in the littoral zone could influence the sculpin population by limiting spawning
habitat, which may impede reproductive success or increase predation rates due to lack of
refuge. Sculpin use shallow-water spawning substrate, which may make them particularly
vulnerable to drought conditions as littoral zone cobble becomes increasingly desiccated
with reduced lake level (Ruzycki, Wurtsbaugh, and Lay 1998).

Elevation-explicit Habitat Survey
We mapped substrate to 12.52 m below the full pool elevation of Bear Lake using
terrestrial and aquatic habitat surveying techniques to create a lake elevation explicit
substrate model. During the summer of 2015, we surveyed exposed areas of the shoreline
(full pool to 2.88 m below full pool, which was the water’s edge at the time of the survey)
suspected to contain cobble habitat based on visual evaluation of satellite images, reports
from the literature (Ruzycki et al. 1998, Smart 1958, Workman 1963), and personal
communication with the lake biologist (Scott Tolentino, personal communication 2015)
using a real-time kinematics unit (RTK, Leica Geosystems GS12 GNSS unit, Leica
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Geosystems, St. Gallen, Switzerland). Any areas visually surveyed that did not contain
cobble substrate were not surveyed with the RTK. All mapped substrate was assigned a
habitat type, including cobble (Table 2.1).
We surveyed submerged littoral habitat during the summer of 2015 via
hydroacoustics from water depths of 1.5-10 m (4.38 m to 12.52 m blew full pool). Using a
BioSonics DT-X echosounder (BioSonics, Inc., Seattle, WA, USA) equipped with a splitbeam transducer (operating frequency 120 kHz with a half-power beam angle of 6.5°), we
mounted the transducer on a towed body and lowered it to a depth of 0.5 m with pulse
duration of 0.4 milliseconds to collect sonar data. We analyzed bathymetric depths using
BioSonics Visual Habitat software (BioSonics, Inc., Seattle, WA, USA). We surveyed
transects parallel to the shoreline at a depth of 3 m for about 70% of the shoreline length
of Bear Lake. If cobble was visually identified, we surveyed transects perpendicular to the
shoreline from a depth of 1.5-10 m. We deployed an underwater camera below 3 m in
depth to confirm substrates down to 10 m.
We performed SCUBA surveys during the summer of 2017 to determine the extent
of cobble past the depth previously confirmed by camera deployment, located along the
east shore of the lake. We used mapped portions of the eastern shore to orient the start of
our dives. Bear Lake was at full pool elevation (1805.52 masl) during our dives. Divers
began their dives at a depth of 13m descended along the northern edge of cobble substrate,
deploying inflatable buoys every 1 m in depth change until 18 m below full pool (1787.52
masl). We used the same methods as above to delineate the southern edge of cobble
substrate on the eastern shore.
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We used a hand-held GPS to mark the locations of buoys with known depths. We
then had information regarding the GPS locations of each buoy and their associated depth
to augment the bathymetric surveys coupled with the camera deployment.
We combined RTK terrestrial surveys, hydroacoustic aquatic surveys, and SCUBA
surveys to generate an elevation explicit habitat map. We converted bathymetric depths to
elevations by subtracting depths from the lake elevation on the date the hydroacoustic data
were collected. We created a 5x5 m digital elevation model (DEM) using the elevation
data collected with the RTK and converted bathymetric depths. To assign elevation values
from the DEM to the habitat map, we converted the habitat shapefiles to a 1x1 m raster
and converted the raster to points that represented a 1x1 m area. We created a fineresolution map with each point including a specific elevation and habitat type. Input for
the elevation-habitat model included individual 1x1 m physical characteristics of habitat
type, latitude, longitude, and elevation.
We calculated the area of habitat types available from Bear Lake’s deepest point
(1742.08 masl) to full pool (1805.52 masl) to determine the relationship between lake
elevation and the area of littoral habitat available. We are assuming that a negligible
amount of non-sand substrate exists below the depth to which we surveyed (Smart 1958,
Ruzycki et al. 1998, Workman 1963). We performed all modeling and statistical analyses
in R version 3.4.2 (R Core Team 2017). The total area of cobble substrate available was
modeled from the deepest point in Bear Lake to the full pool elevation by 1-centimeter
depth increments.
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Sculpin Density Analysis
We used historical catch per unit effort (CPUE) data from the Utah Division of
Wildlife Resources (UDWR) as well as our own trawls conducted in 2016 and 2017 to test
whether a relationship exists between sculpin density and littoral cobble availability. Here,
we used CPUE as a surrogate for fish density. The UDWR sampled sculpin 169 times
between 1990 and 2012 (annually from 1990 – 2000, as well as in 2002, 2004, 2006,
2008, 2010, and 2012) at 15 locations and 9 trawling depths. The UDWR trawled three,
20-minute transects at each location and depth combination during each sample event
using a semi-balloon otter trawl (4.9 m head-rope, 12.7 mm net mesh, and 3.2 mm net
liner). Additionally, we sampled sculpin on the west side of Bear Lake in bottom trawls
during the summer of 2016 and 2017 at depths ranging from 25 to 40 m. We trawled 20minute transects at a speed of 1m⋅s-1, similar to the UDWR protocol. We recorded total
length (TL, mm) for each sculpin collected during trawling events.
We used a linear mixed effects model and took a hypothesis-driven analytical
approach to test whether sculpin CPUE are related to the summer cobble availability. We
hypothesized that sculpin density would decrease as cobble availability decreased due to
lack of refuge and increased predation. Our model defined sculpin CPUE as a function of
the trawl depth, the total area of summer cobble available, and the interaction of these
main effects while taking into account the non-nested random effects of sample year and
trawling location. We included the interaction term because we assumed the most
effective trawl depth will change as cobble area fluctuates. We determined total summer
cobble area available during the trawl year by applying known summer lake elevations
(May-August) to the lake-level explicit habitat model. Linear mixed effects were
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performed using R-Cran statistical package ‘lme4’ (version 1.1-12). Linear mixed model
methods followed procedures outlined in Gelman and Hill (2008).
We used the following longitudinal modeling approach that may identify whether
a relationship exists between loge(CPUE), loge(trawl depth), loge(cobble availability), and
the interaction of the main effects:
𝑦𝑖 = 𝛽0𝑗[𝑖]𝑘[𝑖] + 𝛽1 𝑥1𝑖 + 𝛽2 𝑥2𝑖 + 𝛽3 𝑥1𝑖 ∗ 𝑥2𝑖 + 𝜀𝑗[𝑖]𝑘[𝑖] , for i = 1, …,
n observations
2
𝛽0𝑗[𝑖] ~𝑁 (𝜇𝛽0 , 𝜎𝛽0𝑗
), for j = 1, …, J year

(1)

2
𝛽0𝑘[𝑖] ~𝑁 (𝜇𝛽0 , 𝜎𝛽0𝑘
), for k = 1, …, K location

𝜀𝑗[𝑖]𝑘[𝑖] ~𝑁 (0 , 𝜎𝜀2 )
where, 𝑦𝑖 is the loge CPUE for observation i, 𝛽0𝑗[𝑖] is the intercept for year j, 𝛽0𝑘[𝑖] is the
intercept for location k. The notation 𝑁 (𝜇, 𝜎 2 ) refers to a normal distribution with mean
of 𝜇 and variance of 𝜎 2 , which is specific to the intercept, 𝛽0, and its variance based on
random effects. We compared our model to an intercept-only model is defined
loge(CPUE) as a function of the intercept:
𝑦𝑖 = 𝛽0𝑗[𝑖]𝑘[𝑖] + 𝜀𝑗[𝑖]𝑘[𝑖] , for i = 1, …, n observations
2
𝛽0𝑗[𝑖] ~𝑁 (𝜇𝛽0 , 𝜎𝛽0𝑗
), for j = 1, …, J year

(2)

2
𝛽0𝑘[𝑖] ~𝑁 (𝜇𝛽0 , 𝜎𝛽0𝑘
), for k = 1, …, K location

𝜀𝑗[𝑖]𝑘[𝑖] ~𝑁 (0 , 𝜎𝜀2 )
Where, 𝑦𝑖 is the CPUE for observation i, 𝛽0𝑗[𝑖] is the intercept for year j, 𝛽0𝑘[𝑖] is the
intercept for location k. The notation 𝑁 (𝜇, 𝜎 2 ) refers to a normal distribution with mean
vector 𝜇 and variance of 𝜎 2 , which is specific to the intercept, 𝛽0, random effects.
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Sculpin Recruitment Analysis
We used historical catch per unit effort data from the Utah Division of Wildlife
Resources as well as trawls conducted in 2016 and 2017 to test whether a relationship
exists between sculpin recruitment and littoral cobble availability. We extracted sculpin
age, hatching year, and habitat predictor variables from the literature or calculated
variables from the elevation-specific habitat map as described above. We assigned ages to
sculpin by using total lengths recorded from the UDWR data and total length-at-age
relationships established by Ruzycki et al. (1998) (age-0: <36, age-1: 36 to 55 mm, age-2:
56-72 mm, age-3: 73-88 mm, age-4: >88 mm). We estimated the year the sculpin hatched
by subtracting the age at capture from the year of capture (Zale et al. 2012) based on the
year the sculpin was captured and its age (based on the length-at-age relationship). We
calculated the predictor variable of spawning cobble available during the hatching year
based on the average lake elevation from April to June during that spawning season
(Ruzycki et al. 1998) together with the elevation-specific habitat map.
We used a zero-inflated negative binomial (ZINB) model with a hypothesisdriven analytical approach to test whether a relationship exists between count of sculpin
caught of a specific age within a trawling event, fish age, and area of spawning cobble
during the hatching year. We used a zero-inflated model because our data had over 30%
of catch events with 0 sculpin captured in at least one age (Fig. 2.4). We used a likelihood
ratio test test and determined that a negative binomial distribution better fit our data in
order to determine whether a Poisson or negative binomial distribution fit our data best,.
We hypothesized that sculpin recruitment will decline as the availability of cobble habitat
declines during the spawning season (April – June) due to sculpin refusing to spawn
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because of habitat availability or a lack of refuge for larval sculpin post-hatch. We
assumed that age would be the primary predictor determining the number of sculpin
captured during a trawling event. Fish size, and consequently age, can also determine
probability of capture since older fish are rarer in the population due to natural mortality
and fish size can determine gear recruitment. In addition to fish age, we hypothesized that
the amount of cobble available during the spawning season will influence the number of
hatching fish within the year. The ZINB model is compartmentalized into the following
logistic and log-linear regression model components:

(3)

𝑦𝑖𝑗 ~ {

0,

with probability 𝑝𝑖𝑗

NB( 𝜆𝑖𝑗 , 𝛼𝑙 ),

with probability 1 – 𝑝𝑖𝑗

}

where, 𝑦𝑖𝑗 is the sculpin count for age i, in depth j. For the logistic component of the
ZINB model, 𝑦𝑖𝑗 ~ 0 with probability 𝑝𝑖𝑗 , and the count component of the ZINB model is
assumed to follow a negative binomial distribution defined as a negative binomial
distribution (NB) 𝑦𝑖𝑗 ~ NB(𝜆𝑖𝑗 , 𝛼𝑙 ) with probability 1 – 𝑝𝑖𝑗 ,where 𝜆𝑖𝑗 represents the mean
sculpin caught and 𝛼𝑙 is the offset variable accounting for effort (number of trawls per
year). Offset variables are predictor variables whose coefficient is fixed at 1 and does not
deviate from a coefficient of 1 even if model structure changes from intercept-only to full
model. The logistic model can be formally written as:
(4)

𝑃(𝑦𝑖𝑗 = 0)~ 𝑝𝑖𝑗 + (1 – 𝑝𝑖𝑗 )𝑒 −(𝜆𝑖𝑗,𝛼𝑙)

(5)

𝑃(𝑦𝑖𝑗 = 𝑥)~ (1 – 𝑝𝑖𝑗 )𝑒 −(𝜆𝑖𝑗,𝛼𝑙) [(𝜆𝑖𝑗 , 𝛼𝑙 )x/x!]
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When sculpin count is non-zero, the data follow a negative binomial distribution with
intensity 𝜆𝑖𝑗 , 𝛼𝑙 . A zero sculpin count can be produced in two ways. The fish count can be
produced by a zero generating process where zero-inflation probability is 𝑝𝑖𝑗 , or follow a
negative binomial distribution with probability 1 – 𝑝𝑖𝑗 . To incorporate model structure and
variation due to sampling depth, both 𝜆𝑖𝑗 and 𝑝𝑖𝑗 are modeled using canonical link
functions (McCullagh and Nelder 1989):

loge(𝜆𝑖𝑗 ) = β0 + x’ij β
(6)
logite(𝑝𝑖𝑗 ) = γ0 + z’ij γ

where β0 and γ0 are random intercepts, and β and γ are vectors of random effect of depth
and x’ and z’ are vectors of covariates with elements representing variables including fish
age and spawning cobble available during hatching year. Heuristically, the full model for
the negative binomial-state mean is:
(7)

log(𝜆𝑖𝑗 ) = 𝜇 + age + spawning cobble + depth + log(𝑛)

where 𝜇 is the intercept for the most shallow depth trawled (30 ft), log(𝑛) represents an
offset variable corresponding to the natural log of effort or the number of trawls within a
year, and the other terms are fixed effects. The full model for the logistic-state mean is:
(8)

logit(𝑝𝑖𝑗 ) = 𝜇 + age + spawning cobble + depth + log(𝑛)

with the same specifications for intercept, offset variable, and fixed effects as equation (7).
Four depths are included within the model covariates as factors. The base ZINB model
defined both the negative binomial-state and logistic-state equations as a function of the
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intercept and age only. Full model was compared to the base model instead of an interceptonly model because we hypothesize that the age of sculpin has a great influence on the
probability of catch (e.g., older fish are rarer in the environment and are, therefore, less
likely to be caught outright). Predictor variables were considered statistically significant if
p-value was <0.05 or z-value >1.96. We examined model fit visually using a rootogram
(Kleiber and Zeileis 2016).

Model Simulations
We simulated responses of sculpin to varying lake elevations using model results
from both the CPUE linear mixed model and the recruitment ZINB model. We compared
the predictions for the minimum, mean, and maximum depths during trawling events for
the CPUE linear mixed model because we hypothesize that the most effective depth for
capturing sculpin will change as cobble availability fluctuates. Since the recruitment
model included 5 age classes (age-0 to age-4), we simulated the recruitment for each age
across hatch year and examined how those predictions correlated with spawning cobble
available during the hatch year. We also examined the predicted trends in recruitment
across age at capture under the 95th percentile of cobble available and the 5th percentile of
cobble available. We examined the trends in recruitment during periods of non-drought
(95th percentile of total cobble available at full pool) and drought periods (5th percentile of
cobble available at full pool ) in order to compare recruitment dynamics between the
sculpin population across ages during a period of presumably strong recruitment (95th
percentile of cobble availability) and a period of presumably weak recruitment (5th
percentile coble availability), respectively.
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Results
Elevation-explicit Habitat Survey
We surveyed the entire littoral zone of Bear Lake to an elevation of 1787.52 masl,
or 18.00 m below Bear Lake’s full pool elevation and 11.40 m below the lowest historical
lake elevation (1798.93 masl). A 0.69 km section, or 1.06% of the length of the 1793.00
masl contour (65.06 km), was not surveyed with SCUBA or underwater camera. Cobble
may exist below 1793.00 masl in that section; however, cobble at that depth would be
inundated with sediment and unsuitable for spawning sculpin since the fish spawn
between 0.50 m and 3.00 m in depth. We surveyed substrate type in 94.86 km2 of Bear
Lake, a total of 33.6% of Bear Lake’s surface area. Of the 94.86 km2 surveyed, 98.9%
(93.77 km2) of the substrate was sand (Table 2.2). Cobble, cobble on gravel, cobble on
sand, gravel, or bedrock comprises the remaining 1.1% (1.08 km2) of the substrate in Bear
Lake. Only 1% (0.98 km2) of habitat from full pool (1805.52 masl) to our deepest survey
depth (1792.52 masl) is cobble (i.e., cobble as well as cobble on sand or gravel) and 0.5%
(0.38 km2) of habitat is exclusively cobble substrate.
We found that cobble habitat available to fishes declined with reduced lake
elevation (Fig. 2.3). The average lake elevation decline during the previous 6 significant
droughts from 1898 through 2017 was 5.05 m below full pool, which results in a 85.9%
reduction in littoral cobble habitat. Our habitat survey indicated that a 1.00 m, 2.00 m, and
3.00 m reduction in lake elevation from full pool results in a 10.0%, a 31.5%, and a 53.7%
decrease in the total cobble habitat available to fishes, respectively. We found that 97.4%
of potential cobble available to fishes was left desiccated along the shoreline and
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unavailable to fishes during lowest historical lake elevation (1798.93 masl, 6.59 m below
full pool).

Sculpin Density Analysis
Sculpin were collected during 200 20-minute trawling events conducted over 17
years (specifically, 1990 – 1998, 2002, 2004, 2006, 2008, 2010, 2012, 2016, and 2017) at
16 locations across Bear Lake. CPUE ranged from 0 to 1660 sculpin for single trawling
events with a mean single trawl CPUE of 191. The maximum summer cobble available
was 0.379 km2 in 1998 while the minimum summer cobble available was 0.032 km2 in
2004, a 91.6% reduction in available cobble habitat. Trawl depths ranged from 5 m to 40 m
with a median trawl depth of 14 m.
We compared the intercept-only model to the full model, using our hypothesisdriven analysis that included trawl depth, average summer cobble available, and the
interaction of the main effects (Table 2.3). The intercept-only model fit CPUE as a function
of the intercept and had a BIC of 639.44. The BIC value decreased by 8.77 to 630.67 with
the addition of trawl depth, cobble availability, and their interaction of trawl depth and
cobble availability. Model residuals showed no trends when plotted against covariates (Fig.
2.8) and residual variance was reduced by 6.68% from the null model to the hypothesized
model (Fig. 2.9).

Sculpin Recruitment Analysis
Trawling surveys captured sculpin from age-0 to age-4, according to the length-atage relationship described above. We captured age-1 and age-2 fish in more than 90% of
trawling events (Fig. 2.5). Age-0, age-3, and age-4 fish were encountered in 37.9%, 65.5%,
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and 46.8% of trawling events, respectively (Fig. 2.5). The most common trawling event
had 1 to 10 fish captured from at least one of the age classes, comprising 46% of the total
trawling events, and 33% of the trawling events had zero fish caught in one or more of the
age classes.
We compared the hypothesis-driven analysis and the intercept-only model to the
base model that included fish age at capture, average cobble area available during the
spawning season, and the interaction of the main effects with an offset variable of the
number of trawling events in the sampling year. The base model predicted count of fish as
a function of the age at capture and had a BIC of 3672.28. The BIC value decreased by
3.895 to 3668.388 with the addition of spawning cobble available during the spawning
season, and the interaction of the main effects.
A statistically significant relationship existed between age, average spawning
cobble availability, and the number of sculpin caught per trawling event for the count
model with a z-value greater than 1.96 (Table 2.4). Residual variance was reduced by
14.14% from the null model to the hypothesized model. We used a rootogram to evaluate
model fit the count data and observed no abnormal patterns (Fig. 2.10).

Model Simulations
Simulations for the sculpin density linear mixed model showed varying trends for
CPUE across cobble availability with trawl depth. We observed a positive relationship
between CPUE and cobble availability at the median trawl depth of 14 m and at the
maximum trawl depth of 40 m (Table 2.3, Fig. 2.6a). However, we only observed a weak
positive relationship between CPUE and cobble availability at the minimum trawl depth of
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5 m with a change of 2 sculpin caught from the minimum to the maximum cobble available
(Fig. 2.6b).
Recruitment simulations showed correlations (correlation value >0.3, p-value
<0.05) between mean predicted catches across hatch year and age at time of capture. Mean
predicted catches for all ages except age-0 had a spearman correlation value of 0.69 or
greater when compared to spawning cobble area, and age 1, age 2, age 3, and age 4
correlation values were statistically significant (Table 2.5, Fig. 2.7a-e). Simulations of
mean predicted CPUE across age when the 95th percentile of cobble is available show a
gradual decline in mean predicted CPUE as age increases with age-0 fish having the
highest mean predicted CPUE (Fig. 2.7f). When the 95th percentile of cobble is available,
mean predicted CPUE is reduced by 22.16% from age-0 to age-1, 48.01% from age-1 to
age-2, 74.17% from age-2 to age-3, and 24.02% from age-3 to age-4 (Fig. 2.7f). However,
the trend shifts when mean predicted CPUE is simulated across age for the 5th percentile of
cobble. The mean predicted CPUE value increases 117.38% from age-0 to age-1, and then
decreases 51.32% from age-1 to age-2, 31.46% from age-2 to age-3, and 51.32% from age3 to age-4 (Fig. 2.7f). When comparing the mean predicted CPUE predictions individually
for each age, a decrease from the 95th percentile to the 5th percentile of cobble area
decreases mean predicted CPUE for age-0 fish by 85.9%, age-1 by 60.89%, age-2 by
63.38%, age-3 by 2.81%, and age-4 by 37.73% (Fig. 2.7f).

Discussion
Long-term datasets spanning past ecological phenomenon provide invaluable
opportunities to predict and anticipate future ecosystem dynamics (Carpenter 2002,
Magurran et al. 2010, Franklin 1989). Studies using these long-term data are critical when
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attempting to understand anthropogenically-influenced whole-ecosystem dynamics
(Magurran et al. 2010, Canfield 2011) where replicates do not exist (Carpenter 2011a,
Carpenter et al. 2001c, Leavitt et al. 1989). We took advantage of a set of 17+-year, longterm datasets to determine whether a relationship existed between multiyear droughtdriven lake elevation, littoral habitat availability, and an endemic sculpin population in
Bear Lake, UT-ID. We surveyed and quantified the littoral zone from full pool to >12.00
m below full pool in a 28,200 ha lake. Multiyear droughts are associated with Bear Lake
elevation declines upwards of 6.59 m below full pool, causing up to a 97.4% reduction in
cobble habitat available to fishes. We observed a 75.4% decrease in sculpin CPUE and
85.9% reduction recruitment for age-0 sculpin when cobble habitat was at the lowest
historical level. When considered in the context of future climate projections (e.g., insert
list form introduction here), our results suggest that reductions in habitat availability and
shifts in population structure associated with drought conditions are likely to become
more severe as climate change persists.
The effect of drought-driven lake elevation decline on habitat loss has largely
remained understudied (Ficke et al. 2007, Gaeta et al. 2014, Lynch et al. 2010). Research
on drought-driven littoral habitat loss research has been restricted to small seepage lakes
(e.g., Gaeta et al. 2014) or large desert lakes (e.g., Gasith and Gafny 1990) with warmwater or cool-water fish assemblages, respectively. Our research focused on a lake that is
anthropogenically altered with water levels capable of fluctuating throughout the year due
to water withdrawals in addition to drought cycles, similar to Gasith and Gafny (1990).
We surveyed littoral habitat, analogous to Gaeta et al. (2014), to quantify the relationship
between drought-driven lake elevation declines and habitat availability. However, our

24
study augments the understanding of drought-driven littoral habitat loss while also
focusing on a large lake with a profundal fish only reliant on the littoral zone during a
relatively brief period of its life cycle.

Population-level Consequences of Drought and Habitat Loss
We found that sculpin CPUE and recruitment were associated with cobble habitat
availability. We hypothesize some combination of increased predator-prey encounter rates
due to loss of refuge habitat (e.g., increased lake trout or Bonneville cutthroat trout
predations on sculpin as cobble habitat is lost), losses in food production, or loss of
spawning habitat could have contributed to the observed sculpin declines associated with
drought. We recognize our study was a natural experiment precluding us from identifying
the exact mechanism driving the decline in CPUE or recruitment; however, our study is
analogous to whole-lake manipulation research, supporting the validity of our approach
despite the absence of replicates (Carpenter et al. 2011b, Carpenter et al. 2001c, Leavitt et
al. 1989). Increases in predator-prey interactions may exist as complex structure declines
with water volume (Sass et al. 2006, Savino and Stein 1989, Swisher et al. 1998, Lake
2011), which could result in an increase in juvenile sculpin predation by native Bonneville
cutthroat trout (Wurtsbaugh and Hawkins 1990), and predation by non-native lake trout
whose diets are comprised of more than 70% sculpin (Ruzycki and Wurtsbaugh 1995).
Drought-driven lake elevation declines and littoral habitat loss have been shown to
correlate with reduced species diversity and littoral invertebrate abundance (Fischer and
LaVoy 1972), which could impact sculpin food availability. Weak year classes may also
occur from lack of spawning substrate. Bear Lake sculpin only spawn in water depths
between 0.5 and 3 m (Ruzycki et al.1998); cobble habitat is often inundated with sediment
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and periphyton at depths below 3m, reducing nesting quality. Other sculpin species either
fail to spawn (Janssen and Jude 2001) or move to less suitable habitats for spawning
activity (Mousseau and Collins 1987) following a loss of optimal spawning habitat,
exposing the eggs to increased predation and reducing reproductive success (e.g., Martin
1955). Given that Bear Lake sculpin live only to 4 years old (Ruzycki et al.1998), just a
few years of extreme drought, loss of refuge, loss of food base, or spawning failure could
be detrimental to this endemic species.
The effect of low cobble habitat availability has implications for the sculpin
population since multiple juvenile year classes are impacted and droughts are projected to
increase in frequency and duration in the future (Ault et al. 2014, Cook et al. 2015),
possibly effecting entire juvenile life stages as a result. We found a significant relationship
between cobble availability and recruitment, with juveniles exhibiting the strongest
response to reduced cobble availability during multiyear-drought conditions. Reducing
cobble habitat appears to affect age-0 sculpin the greatest followed by age-1 and age-2
sculpin. This is particularly important since sculpin do not mature until age-2 (Ruzycki et
al. 1998). Given that droughts and the lack of littoral habitat are rarely alleviated over one
year, sculpin need to survive through multiple years of poor conditions and low survival to
even have the opportunity to reproduce.
Fish population distributions are compressed as drought reduces habitat and water
volume, magnifying intraspecific interactions such as competition (Lake 2011a, Matthews
and Marsh-Matthews 2003). A relationship existed between CPUE and trawling depth
across cobble availability. We detected no change in CPUE at the minimum trawling
depth as cobble availability increased, but a strong trend existed between CPUE and the
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maximum trawling depth as cobble availability increased. Intraspecific competition exists
in situations when fish occur in high densities in critical habitats (Zaret and Rand 1971)
and could drive changes in population abundance we predicted at the maximum depth as
cobble availability increases. A low density of sculpin may always be present in shallow
water as smaller, less fit individuals are unlikely to occupy preferred habitats due to
competition (Jonsson and Gravem 1985). Competition explains why no trend was seen as
cobble availability changed at the minimum trawling depth; a percentage of smaller, less
fit sculpin cannot outcompete larger, more fit individuals for the cobble habitat available,
regardless of the amount. However, as more cobble is available, more sculpin can occupy
profundal areas of the lake to seek refuge from predators and seek desirable temperatures
for growth and maturation. In this case, capturing more sculpin at deeper depths when the
cobble availability is high may reflect a population occupying the most preferable area of
the lake for the best chance of survival and growth.
While we were successful in identifying strong patterns, the majority of our longterm data were collected during routine monitoring by a state agency. Consequently, data
collection was not designed to address our specific research questions and, therefore,
come with inherent shortcomings. For instance, we used CPUE data as a surrogate for
density, but population-level patterns are likely hard to detect as only a small percentage
of the population is captured, making any population-level assessment problematic
(Maunder et al. 2006, Beverton and Holt 1957, Walters 2003). Indeed, only 196 sculpin
were caught per trawling event on average, which is <0.01% of the population estimate of
2 million individuals (Scott Tolentino, personal communication 2016). However, we were
able to detect trends in CPUE with cobble availability as well as strong correlations
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between cobble availability and recruitment despite the incredibly low percentage of the
population captured, lending credence to the ecological significance of our findings.

Novel Stresses During the Anthropocene
Drought is a natural occurrence and acts as a driver of evolutionary adaptation in
aquatic ecosystems across the world (Boulton 2003, Lake 2003), but anthropogenic
factors ultimately exacerbate drought and limit ecosystem resilience (Crook et al. 2010).
Freshwater ecosystems face many anthropogenic stressors including altered physical
habitat (Smokorowski and Pratt 2007), introductions of non-native predators or
competitors (Strayer 2010), and hydrologic modifications (Freeman et al. 2001), which,
combined, have resulted in a greater than 80% decline in the abundance of monitored
freshwater populations between 1970 and 2012 (WWF 2016). Bear Lake sculpin evolved
in the face of and are adapted to persist through periods of drought in Bear Lake (Sigler
and Sigler 1987, Baily and Bond 1963), which likely drove the evolution of their novel
life-history strategy and unique reliance on the littoral zone as a profundal species. The
possibility exists that by managing Bear Lake as a reservoir variability between lake
elevations has been reduced compared to pre-settlement lake elevations. However, this
endemic species did not evolve in the current water management regime or to thrive
through drought in the presence of non-native apex predator and additional anthropogenic
stressors such as water withdrawal for human use. Lake trout (Salvelinus namaycush)
were stocked into Bear Lake starting in 1911 and are a voracious apex predator that can
impact sculpin through predation (Albrect 2004, Ruzycki et al. 2001). Bear Lake was
anthropogenically altered in 1911 so that water could be diverted into and out of the lake
when necessary (Milligan and Davis 2011) at different periods and different amounts than

28
would exist with the natural hydrologic cycle through evaporation or seasonal
precipitation and snowmelt (Milligan and Davis 2011). Drought-driven habitat loss alone
could cause the sculpin population to decline, as habitat loss is the most common threat to
declining populations (WWF 2016, Dudgeon 2005). However, non-native species,
anthropogenic hydrologic modifications, and habitat loss have the potential to act in
concert to push the sculpin population toward catastrophic population declines. The Bear
Lake sculpin population is a fundamental species as the sculpin are an essential forage fish
for the apex predators of the lake; their decline or collapse could have dramatic
consequences for the future of the ecosystem.

Mitigating Drought-Driven Habitat Loss
The influence of drought and human water use on aquatic ecosystems can be
alleviated or reduced with adaptive water management (Richter et al. 2003, Wilhite et al.
2000) or even addition of littoral structure (Sass et al. 2012), where applicable. While the
addition of littoral structures was suggested as a management strategy for some lentic
systems experiencing multiyear drought (e.g., Gaeta et al. 2014), this approach is not
practical for large lakes due to the volume of habitat that would need to be added in order
to mitigate drought effects. Furthermore, research has found that addition of structure
(e.g., coarse woody habitat) may not restore population dynamics to pre-drought states
even in lakes where habitat additions are feasible (Sass et al. 2012). Water level
management may be a feasible solution for drought resilience where habitat additions are
unrealistic.
Water level management is regarded in Europe as a part of water manager’s
“toolbox” (Coops and Hosper 2002) and could be a powerful approch for buffering
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drought effects in large lakes of the Intermountain West. The linkage of water across the
Intermountain West provides a unique opportunity to increase resistance and resilience to
drought by managing water levels. Managers can preserve habitat loss by rationing water
from the lake when anticipated inflow is less than storage volume needed to meet demand
(Shih and ReVelle 1994, You and Cai 2008). Drought is correlated with the need for more
irrigation (McDonald and Girvetz 2013, Wisconsin Department of Natural Resources
2015, National Drought Mitigation Center 2014), often magnifying the impact of drought
on water resources and aquatic systems (Wada 2013). Identifying the most susceptible life
history stages or seasonal periods for species of concern during drought and inundating
critical habitat during these life stages may buffer the impact of habitat loss without
destroying the dynamics between water managers and water users (Hardie 2013).
We must consider preventative management strategies that increase resiliency of
aquatic ecosystems to climate change and drought. Currently, water resource planning has
a tendency to assume that future drought conditions will be similar to past drought
conditions (Green et al. 1991). However, we should focus on climate uncertainty and
long-term planning for more severe multiyear droughts, especially given the American
Southwest’s highly variable climate and the variable precipitation predictions as a result
of climate change (Cook et al. 2014, Cook et al. 2015, Scheff et al. 2014). By
understanding the recovery of aquatic ecosystems following drought, we can establish
resilient ecosystems by preventing anthropogenically-driven droughts from influencing
ecosystem processes in the future.
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Conclusion
Our research is the first to empirically test for the effects of climate-driven drought
reductions in littoral habitat on cold-water fish populations and demonstrates the
significance of long-term datasets in a time where anthropogenically-influenced
ecosystems are changing rapidly. Drought conditions have historically induced chemical,
thermal, and physical imbalances within lakes, and research suggests these drought effects
will likely persist with climate change (Morrongiello et al. 2011, Zohary and Ostrovsky
2011); however, only within the last decade has research on drought-driven lake elevation
reduction gained traction as a lake response to climate change (Ficke et al. 2007, Lake
2011, Gaeta et al. 2014). We studied a cold-water profundal fish species in a large,
western lake. Our research bridges the link between drought-driven habitat loss and the
response of a profundal cold-water fish species, demonstrating that the importance of
littoral zone extends beyond thermal guilds and as a prey resource (Gaeta et al. 2014,
Gasith and Gafny 1990). Indeed, drought-driven habitat loss can also influence species
that spend only a fraction of their life time in littoral habitat (e.g., Bear Lake cisco, Bear
Lake whitefish, and Bonneville whitefish). Our study provided a unique opportunity to
identify a quantitative pathway between climate and littoral influence on an ecologically
important fish – augmenting our understanding of a link between littoral habitat and
climate change that is usually overlooked in existing predictive models of climate change
effects on fishes (Jones et al. 2006).
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Tables and Figures

TABLE 2.1. Habitat descriptions used to identify and describe substrate types surveyed
around Bear Lake, UT-ID during surveys conducted in summer 2015 and summer 2016.
Habitat Description
Substrate Type
Loose cobble or boulders, which lie on
cobble or boulders free of sand. Many
Cobble
interstitial spaces. Best habitat
Cobble on gravel
classification for Sculpin.
Clean gravel or cobble lying on top of
sand, but not impacted into sand
Gravel
substrate. Mostly gravel but frequent
Cobble on sand
cobble clusters. Moderate amount of
interstitial spaces.
Gravel mixed with sand or coarse
beach sand. Impacted flat-topped rocks
Sand
sitting in sand. Very small amount or
Bedrock
no interstitial spaces.

TABLE 2.2. Shallow-water substrate composition of Bear Lake, UT-ID from 13 meters
below full pool to full pool.
Substrate Type
Total Area (km2)
Percentage of habitat Mapped (%)
Sand
93.78
98.85
Cobble
0.49
0.52
Cobble on Sand
0.37
0.39
Cobble on Gravel
0.06
0.06
Gravel
0.16
0.17
Bedrock
<0.01
0.01
Total
94.87
100
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TABLE 2.3. Selected model results for Bear Lake sculpin density linear mixed model
(data collected 1990 – 1998, 2002, 2004, 2006, 2008, 2010, 2012, 2016, and 2017 in Bear
Lake, UT-ID) with parameter (trawling depth, average summer cobble available during
trawling year) standard deviations (SD), coefficient estimates (Coef Est.), and coefficient
standard errors (Coef S.E.). Parameter symbols in parenthesis correlate with parameter
symbols in equation 1.
Fixed Effects
Coef Parameter
n
Coef Est.
Coef S.E.
t-value
Intercept
4.357
1.211
3.599
Trawl Depth (m)
12
0.255
0.407
0.625
Cobble (km2)
17
-0.732
0.585
-1.252
Trawl Depth: Cobble
0.373
0.198
1.887
Random Effects
Parameter
Residual
(𝜎𝜀2 )
2
Year Intercept (𝜎𝛽0
), 𝑗
Location Intercept
2
(𝜎𝛽0
), 𝑘

n
200
17

SD
0.978
0.457

Intercept Model
Variance
1.010
0.239

16

0.979

0.176

Selected Model
Variance
0.958
0.209
0.161

TABLE 2.4. Model results for the Bear Lake sculpin from Bear Lake, UT-ID negative
binomial regression component of the zero-inflated negative binomial (ZINB) recruitment
model including coefficient estimates (Coef Est.) and standard error (S.E.).
Negative binomial regression model component
Covariate
Coef Est. S.E. Z-value
Intercept
0.25 0.19
1.31
age
-0.66 0.06
-11.39
spawning cobble
2.48 0.62
4.01
depth 60 feet
0.34 0.13
2.68
depth 90 feet
1.29 0.38
3.38
depth 120 feet
0.83 0.29
2.83
log(theta)
-0.68 0.07
-10.32
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TABLE 2.5. Spearman correlation values for Bear Lake sculpin recruitment predictions
when compared to cobble fluctuations over time (2000-2016) as related to Figure 6.
Age Spearman Correlation Value P-value
0
0.39
0.21
1
0.72
0.01
2
0.70
0.02
3
0.80
0.00
4
0.69
0.01
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a)

b)

c)

c)
d)

Lowest Historical Lake Level (1798.93 masl)
Depth (m) Relative to Full Pool (1805.52 masl)

d)

Lowest Historical Lake
Level (1798.93 masl)
Bedrock
Cobble
Gravel
Sand
Cobble on Gravel or Sand

FIG 2.1. Bear Lake, UT-ID a) bathymetry (5m by 5 m cell resolution, masl: meters above
sea level), and the eastern shore of Bear lake depicting b) the extent of sand and other
substrates, c) area of most concentrated cobble substrate, and d) area of most diverse
substrate.
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a)

b)

FIG 2.2. Bear Lake, UT-ID time series of a) average daily lake level (meters above sea
level) and b) average daily cobble available (km2). Grey boxes represent the periods for
significant droughts in Utah. Grey line represents average daily lake level. Black line is
smoothed spline to show trends in lake levels during significant drought periods.
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FIG 2.3. Relationship between cobble (substrate between 120 and 300 mm in diameter)
area submerged (km2) and lake elevation (m) for Bear Lake, UT-ID Cobble area
submerged at lake elevation was surveyed using real-time kinematics (RTK) and
hydroacoustics during summer 2015. Grey line represents the lowest historical lake level
(1798.93 masl) also represented on the bathymetric map of Bear Lake (Fig. 1).
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FIG 2.4. Number of Bear Lake sculpin of age-0 through age-4 trawled in Bear Lake, UTID from 1990-2017.
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FIG 2.5. Percentage of trawls (n=200) with at least one Bear Lake sculpin from ages 0-4
(light grey) and trawls that did not contain a fish from ages 0-4 (dark grey) from trawling
events on Bear Lake, UT-ID.
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FIG 2.6 Sculpin catch per unit effort (CPUE) model predictions across average summer
cobble available (km2). Predictions for a) the grand mean model (black) with standard
error (dark grey polygon) and 95% confidence intervals (light grey) and b) model
simulations across median trawling depth (solid line, dark grey), minimum trawling depth
(dashed line,medium grey), and macimum trawling depth (dotted line, light grey).
Polygons in panel b) represent 95% confidence intervals.
FIG 2.6. Sculpin catch per unit effort (CPUE) model predictions across average summer
cobble available (km2). Predictions for a) the grand mean model (black) with standard error (dark grey

40
polygon) and 95% confidence intervals (light grey) and b) model simulations across median trawling depth
(solid line, dark grey),

FIG 2.7. Zero-inflated negative binomial model predicted age-specific sculpin catch
(black line) and spawning cobble availablity (grey dashed line) across year hatched (a-e).
Shown with observed age-specific sculpin caught during trawling events (transparent
points). The zero-inflated negative binomial model was used to estimate f) mean sculpin
catch across age at high (95th percentile; black squares) and low (5th percentile; grey
diamonds) of cobble availablility during spawning season (shown with standard error
bars).
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Manuscript Appendix Figures
TABLE 2.6. Model results for the Bear Lake sculpin from Bear Lake, UT-ID logistic
regression model component of the zero-inflated negative binomial (ZINB) recruitment
model including coefficient estimates (Coef Est.) and standard error (S.E.).
Logistic regression model component
Covariate
Coef Est. S.E.
Z-value
Intercept
1.01
0.49
2.06
age
-24.20 157.06
0.88
spawning cobble
-8.92
2.90
-3.07
depth 60 feet
1.42
0.50
2.86
depth 90 feet
22.60 157.09
0.14
depth 120 feet
13.20 102.80
0.13
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FIG 2.8. Linear mixed model fit for Bear Lake sculpin catch per unit effort a) observed,
loge catch per hour plotted against predicted, loge catch per hour, and model residuals
plotted against b) predicted, loge catch per hour, c) loge depth (meters), and d) loge cobble
area (km2).
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FIG 2.9. Comparison of model residuals for linear mixed model of Bear Lake sculpin
catch per unit effort a) null model and b) hypothesized model.
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FIG 2.10. Suspended rootogram with x-axis representing count bins and y-axis
representing the square root of the count (square root transformation allows for departures
between observed and expected to be visible even at small frequencies). Rootogram
displays zero-inflated negative binomial (ZINB) model residuals. Grey bars represent the
difference between the observed and expected counts: over estimation (above 0 line) or
underestimation (below zero line). Grey line represents expected counts from the model.
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CHAPTER III

THE INFLUENCE OF MULTIYEAR DROUGHT AND ASSOCIATED REDUCTION
IN TRIBUTARY CONNECTIVITY ON AN ADFLUVIAL FISH SPECIES: THE
BEAR LAKE STRAIN OF THE BONNEVILLE CUTTHROAT TROUT
(ONCORHYNCHUS CLARKII UTAH)

Introduction
Aquatic ecosystems rely on hydrologic connectivity to ensure species persistence
and ecosystem function (Pringle, 2003; Morrongiello et al., 2011; Jaeger et al., 2014).
Hydrologic connectivity facilitates aquatic species migration (Pringle, 3003; Burgess et
al., 2012) and nutrient exchange among ecosystems (Tockner et al., 1999; Hein et al.,
2003). Habitat loss or fragmentation, caused by reduction or loss in connectivity, may
alter population dynamics and threaten species persistence (Fagan, 2002; Fausch et al.,
2002). Correlations exist between lake elevation and spawning tributary access; as lake
elevations decline, access to spawning tributaries decreases (Caromona et al., 2012).
Tributary-lake disconnection has been shown to reduce trout spawning success and
juvenile migrations in the Intermountain West, USA (Koel et al., 2005). Water elevation
management to preserve connectivity is a strategy that affects adfluvial spawning fishes
living in reservoirs by enabling larval, juvenile, and adult migrations (Barnett et al., 2013).
Unfortunately, fragmentation between lakes or reservoirs and tributaries across the
American Southwest can be caused by lake elevation decline during multiyear drought
periods and can be exacerbated by human water use.
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Multiyear drought is exacerbated by human water use, and both multiyear drought
and human consumption can severely affect hydrologic connectivity. Multiyear droughts,
in particular, can have detrimental effects on aquatic ecosystems (Lake, 2003; Carpenter
et al., 2011a; Ledger et al., 2011; Morrongiello et al. 2011a). In the American Southwest,
the risk of multiyear drought is expected to increase from 15% (1950-2000) to 50-80%
within the next 5 to 7 decades (Cook et al., 2015; Ault et al., 2014). Water resource
demands have been increasing in the American Southwest and are expected to increase in
the future (MacDonald, 2010). Human water use and water withdrawals can degrade
connectivity (Fullerton et al., 2010) by reducing lake levels (e.g., Coe & Foley 2001) or
by decreasing discharge rates from tributaries (e.g., Labbe & Fausch 2000). The projected
increases in multiyear drought and human water use have the potential to influence
hydrologic connectivity throughout the American Southwest. Bear Lake, located along the
borders Southeastern Idaho and Northern Utah, is an example of one such system with
human- and multiyear drought-influenced hydrologic connectivity.
Many rivers, lakes, and reservoirs in the American Southwest have at least one
potadromous fish species that relies on hydrologic connectivity to complete its life cycle
(e.g., Bear Lake, Pyramid Lake, Yellowstone Lake). Bear Lake contains a population of
adfluvial Bonneville cutthroat trout that rely on tributary-lake connectivity for adult and
juvenile migration (Teuscher & Capurso, 2007). Yet, Bear Lake’s main tributaries can
become hydrologically disconnected at lake elevations below 1802.00 masl, becoming
impassible to spawning fish (Teuscher & Capurso, 2007) and tributary channels are often
exposed during periods of drought contributing to the stress of migration. Additionally,
tributary flows can also decrease during drought periods due to lack of snowmelt or
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increased human consumptive use (Palacios et al. 2007), which may not provide enough
habitat for larval or juvenile fish to grow and successfully migrate back to the lake (United
States Fish and Wildlife Service 2001). Bear Lake Bonneville cutthroat trout are the
native apex predator of Bear Lake, and are one of the main sport fishes (Palacios et al.,
2007). Few published reports exist about population vital rates or demographics, despite
the ecological and economic importance of this species.
Here, we evaluate the potential effect of multiyear drought-driven lake elevation
declines on tributary connectivity and the Bear Lake Bonneville cutthroat trout
population. We combine an elevation-explicit tributary channel distance survey with a
time series of lake elevations to estimate tributary channel distances as lake elevations
fluctuated over time. We test whether recruitment and cutthroat growth (i.e., the
recruitment of fish age 1 and older) is related to metrics of tributary connectivity including
tributary channel distance and lake elevation.

Methods
Study Site
Bear Lake is a large (28,200 ha), oligotrophic, freshwater lake with a maximum
depth of 63 meters and lies on the border of Utah and Idaho in the United States of
America (Figure 3.1). Bear Lake has four perennial tributary creeks: Big Spring, Fish
Haven, St. Charles, and Swan Creeks (Figure 3.1; Palacios et al., 2007). Yet, all of these
tributaries are used for irrigation, potentially altering instream flow with detrimental
consequences to spawning and rearing adfluvial trout. The lake is a natural feature on the
landscape, but was altered for human use in the early 1900s. Over the past century, Bear
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Lake has experienced lake elevation reductions up to 6.59 meters (m) below the full pool
elevation.
Water diverted from Bear Lake for irrigation and hydropower may reduce lake
elevations and tributary connectivity and, thereby, disrupt fish life cycles. Bear Lake is a
natural lake, but the Bear River was artificially connected to the lake in 1913 when a canal
and pump station were constructed on the north shore. Bear Lake is now managed as a
reservoir with full pool elevation considered 1805.52 meters above sea level (masl)
compared to the early Pleistocene when maximum lake elevation was as high as 1830
masl (Rosenbaum and Kaufman 2009). The Bear River Compact was established to
manage water input and output of Bear Lake and allocates water in Bear Lake from
1805.52 to 1802.26 masl for hydropower use (Bear River Compact, 1980). Human water
use for agricultural irrigation, reduced precipitation, and increased evapotranspiration can
exacerbate lake elevation reductions during times of multiyear drought, and these factors
are projected to increase with climate change (Mortsch & Quinn, 1996; Schindler, 2009).
The UDWR manages the Bear Lake sport fishery through stocking of both
cutthroat as well as lake trout (Palacios et al., 2007). Initially, the UDWR stocked fertile
lake trout into the system; however, they started stocking sterile lake trout in 1992 and
have decreased the number stocked from over 35,000 to less than 20,000 since 2009
(Palacios et al., 2007). The UDWR captures adult cutthroat trout by using a spawning trap
during the spring migration in order to collect gametes for hatchery-reared cutthroat that
will return to the lake as fingerlings (Palacios et al., 2007).
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Study Species
The Bear Lake strain of the Bonneville cutthroat trout is the only natural adfluvial
population of Bonneville cutthroat trout (hereafter referred to as cutthroat) in Idaho and
Utah (Lentsch et al., 2000; Teuscher & Capurso, 2007), though the strain has since been
stocked in lakes and reservoirs throughout Utah and Idaho (Neilson & Lentsch, 1988).
This strain of cutthroat can either be adfluvial (i.e., migrate from the lake to the tributaries
to spawn) or resident cutthroat that remain in tributaries for their entire life, though little
evidence exists that resident cutthroat exist in the tributaries of Bear Lake (Appendix A,
Figure A.3 ; United States Fish and Wildlife Service, 2001). Cutthroat begin maturing at
age 3, but may not spawn until age 10 (Neilson & Lentsch, 1988; Kershner, 1995;
Teuscher & Capurso, 2007). Cutthroat spawn in tributaries of Bear Lake (Figure 3.1) for
11 weeks in the spring (approximately April 15 – June 30; Scott Tolentino, personal
communication, 2015). Juveniles may spend 1-2 years in tributaries before entering the
lake during spring runoff events (Neilson & Lentsch, 1988). As cutthroat mature, they
become piscivorous with large reliance on Bear Lake sculpin and Bonneville Cisco
(Neilson & Lentsch, 1988), but opportunistically prey on numerous alternative sources
available in the lake (e.g., invertebrates and other fishes; Neilson & Lentsch, 1988).

Approach
We examined the potential effects of tributary connectivity on the cutthroat
population by focusing on the population at two aspects of their life history: the juvenile
stage, when the fish out-migrate from the tributaries to the lake, and adult growth when
the fish have the ability to use both the tributaries and the lake for food and habitat. We
used aerial images to map spawning tributaries and linked the tributary distance with lake

59
elevation (masl) to create a lake elevation-explicit tributary distance model. This model
allowed us to estimate tributary channel distance during periods of spawning migration or
juvenile out-migration. We used a zero-inflated negative binomial mixed model to test
whether a relationship exists between lake level reductions, tributary channel distance, and
recruitment using historical gillnetting data (1995 – 2015). We aged otoliths collected in
2015 and 2016 and back-calculated annual growth to test whether a relationship exists
between cutthroat annual growth and environmental or management variables, such as
stocking effort. Environmental variables include tributary channel distance and lake
elevation while management variables include number of cutthroat stocked during a
specific year and number of lake trout stocked during a specific year

Elevation-explicit Tributary Channel Distance
We mapped Bear Lake tributary channels using dated historical satellite images
from GoogleEarth (Google, Mountain View, CA) to create a tributary channel map at
varying lake elevations (Figure 3.2). We traced tributary channels from the edge of Bear
Lake until they were 1 kilometer past the visible high-water mark for each year with
satellite imagery available. A standard of 1 kilometer past the lakebed was set for each
tributary to provide equal initial tributary channel lengths at full pool (1805.52 masl).
We used a 5x5 m digital elevation model (DEM) and assigned elevation values
from the DEM to the tributary map. In order to assign elevation values, we converted the
tributary shapefiles to a 1x1 m raster and converted the raster to points that represented a
1x1 m area (ArcGIS 10.5.1, 2017). We created a fine-resolution map with each point
including a specific elevation and 1m tributary channel section. Input for the elevation-
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tributary distance model included individual 1x1 m characteristics of tributary name,
latitude, longitude, and elevation.
We calculated the tributary channel distance from Bear Lake’s lowest historical
level (1798.93 masl in 1934) to full pool (1805.52 masl) to determine the relationship
between lake elevation and the area of tributary channel distance. We performed all
modeling and statistical analyses in R version 3.4.2 (R Core Team 2017).

Bonneville Cutthroat Trout Sampling and Ageing
Cutthroat were surveyed via gillnetting in 1995, 1998, and 2001-2016 by the Utah
Division of Wildlife Resources. The UDWR set gillnets for 24 hours at 7 depths (5, 10,
15, 20, 25, 35, 50 m) and 2 locations (North Eden area, Marina area). We collected
otoliths from cutthroat captured by the UDWR in 2015 and 2016 in order to age and backcalculate annual growth rates.
We mounted saggital otoliths in a clear casting resin (Polytranspar brand’s
Artificial Water) and transverse sectioned them using a slow-speed saw. We backcalculated annual growth rates (mm·year-1) using the biological intercept regression
method (Campana, 1990). The biological intercept method uses an intercept of the
average otolith size at time of hatch and the average total length of the fish at hatch from
literature or observations instead of a statistically-determined intercept that establishes
otolith size and total length at hatch with regression. The biological intercept for Bear
Lake Bonneville cutthroat trout was 19.00 mm total length (Kent Moulton, personal
communication 2016) with an otolith total radius length of 0.32 mm as calculated from the
equation for rainbow trout alevins established by Moyano et al. (2012).
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Recruitment Analysis
Our goal was to test whether cutthroat recruitment was related to drought by
examining the relationship between number of cutthroat caught in a gillnet of a specific
age and tributary channel distance during their migration period. We used only fish
identified as naturally spawned (adipose fin intact) for the modeling dataset due to the
Bear Lake population of cutthroat trout being comprised of both hatchery (no adipose fin
present) and natural cutthroat. We used only the naturally spawned fish because those
cutthroat would make the migration from tributaries to the lake at age-1 or age-2 while
those that are stocked are deposited directly into the lake and would not be influenced by
changes in migration distances or tributary connectivity due to drought. The UDWR
assigned ages to incidental cutthroat mortalities by aging whole otoliths. However,
gillnetted cutthroat captured alive were released and unable to be aged using otoliths; the
UDWR only collected length measurements for those released fish. In order to assign ages
to the cutthroat not aged, we used an age-length key as described by Iserman and Knight
(2005) and updated by Ogle (2016) for use in the R program for statistical computing
(version 3.4.2, 2017) with package ‘FSA’ (version 0.8.11). This package created a
distribution of lengths and ages from each gillnetting year and assigned ages to the
released, non-aged cutthroat within that same gillnetting year by using a probability
distribution. The ages included in the gillnetting dataset spanned age-1 to age-10 cutthroat
trout. We determined the year the cutthroat hatched by subtracting the age at capture from
the year of capture because we know what year the cutthroat was captured and how old
the fish is based on the length-at-age relationship.
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We used long-term gillnetting data from the UDWR to test whether a relationship
exists between cutthroat recruitment and tributary channel distance. We hypothesized that
as tributary channel distance increases during drought, recruitment will decrease due to
increased stress during migrations from the tributaries to the lake and potential increases
in predation during drought migration periods. We calculated the predictor variable of
tributary channel distance during the hatching year by using the average lake elevation
from April to July to see if adult migration would be most influenced.
We used a zero-inflated negative binomial (ZINB) model with a hypothesis-driven
analytical approach to test whether a relationship exists between count of cutthroat caught
of a specific age within a gillnetting event, fish age, and migration distance. We assumed
that age would be the primary predictor determining the number of cutthroat captured per
gillnetting event. Fish size, and consequently age, can also determine gear efficiency since
older fish are rarer in the population due to natural mortality (Zale et al., 2012). In
addition to fish age, we hypothesize such as tributary channel distance could influence the
recruitment of cutthroat trout. The ZINB model is compartmentalized into a logistic and
log-linear regression models (Hall, 2000):

(9)

𝑦𝑖 ~ {

0,

with probability 𝑝𝑖𝑗𝑘

NB( 𝜆𝑖𝑗𝑘 , 𝛼𝑙 ),

with probability 1 – 𝑝𝑖𝑗𝑘

}

where, 𝑦𝑖 is the cutthroat count for age i in depth j and location k. For the logistic
component of the ZINB model, 𝑦𝑖 ~ 0 with probability 𝑝𝑖𝑗𝑘 , and the count component of
the ZINB model is assumed to follow a negative binomial distribution defined as 𝑦𝑖 ~
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NB(𝜆𝑖𝑗𝑘 , 𝛼𝑙 ) with probability 1 – 𝑝𝑖𝑗𝑘 ,where 𝜆𝑖𝑗𝑘 represents the mean cutthroat caught
and 𝛼𝑙 is the offset variable accounting for effort (number of gillnets deployed per year).
Offset variables are predictor variables whose coefficient is fixed at 1 and will always be
fixed at 1 regardless of model structure. The logistic model can be formally written as:
(10)

𝑃(𝑦𝑖 = 0)~ 𝑝𝑖𝑗𝑘 + (1 – 𝑝𝑖𝑗𝑘 )𝑒 −(𝜆𝑖𝑗𝑘,𝛼𝑙)

(11)

𝑃(𝑦𝑖 = 𝑥)~ (1 – 𝑝𝑖𝑗𝑘 )𝑒 −(𝜆𝑖𝑗𝑘,𝛼𝑙) [(𝜆𝑖𝑗𝑘 , 𝛼𝑙 )x/x!]

When cutthroat count is non-zero, the data follow a negative binomial distribution with
intensity 𝜆𝑖𝑗𝑘 , 𝛼𝑙 . A cutthroat count of zero can be produced in two ways. The fish count
can be produced by a zero-generating process where zero-inflation probability is 𝑝𝑖𝑗𝑘 , or
follow a negative binomial distribution with probability 1 – 𝑝𝑖𝑗𝑘 . To incorporate model
structure and variation due to sampling depth and location, both 𝜆𝑖𝑗𝑘 and 𝑝𝑖𝑗𝑘 are modeled
using canonical link functions (McCullagh and Nelder, 1989):
loge(𝜆𝑖𝑗𝑘 ) = β0 + x’ijk β
(12)
logite(𝑝𝑖𝑗𝑘 ) = γ0 + z’ijk γ
where β0 and γ0 are random intercepts, and β and γ are vectors of random effect of depth
and location and x’ and z’ are vectors of covariates with elements representing variables
including fish age and migration distance. Heuristically, the age model for the negative
binomial-state mean is (e.g., Arab et al. 2011, Hall 2000):
(13)

log(𝜆𝑖 ) = 𝜇 + age + depth + location + log(𝑛)

64
where 𝜇 is the intercept and log(𝑛) represents an offset variable corresponding to the
natural log of effort or the number of gillnets deployed within a year with the variable of
location being a factor in the model. The age model for the logistic-state mean is:
(14)

logit(𝑝𝑖 ) = 𝜇 + age + depth + location + log(𝑛)

Informally, the full model for the negative binomial-state mean is:
(15)

log(𝜆𝑖 ) = 𝜇 + age + migration distance + depth + location + log(𝑛)

The age model for the negative binomial-state mean is:
(16)

logit(𝑝𝑖 ) = 𝜇 + age + migration distance + depth + location + log(𝑛)

with the same specifications for intercept and offset variable as equation (5). The base
ZINB model defined both the negative binomial-state and logistic-state equations as a
function of the intercept and age only. We compared the base model to the full model that
included fish age at capture, average migration distance during the spawning season, and
gillnet depth, with an offset variable of the number of gillnets deployed in the sampling
year. Full model was compared to the base model instead of an intercept-only model
because we hypothesize that the age of cutthroat has a great influence on the probability of
catch (e.g., older fish are rarer in the environment and are therefore less likely to be caught
outright). We examined model fit using a rootogram (Kleiber & Zeileis, 2016).
The migration distances included as covariates in the ZINB model were calculated
using the elevation-explicit tributary channel distance map for St. Charles Creek. St.
Charles Creek was chosen because of its anecdotal importance for spawning adult
cutthroat. Due to restoration efforts and length of the tributary, managers identify St.
Charles Creek as having the greatest capacity to harbor spawning adult cutthroat during the
spawning season (Scott Tolentino and David Teuscher, personal communication 2016).
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Growth Analysis
We tested whether cutthroat growth was related to either environmental variables
or management variables using a linear mixed model and an information theoretics
approach. We used information theoretics for this analysis and not the recruitment
analysis because we hypothesize that recruitment will be most strongly influenced by
tributary channel distance during migration periods, while growth could be influenced by
factors within tributaries, during migration, competition, or factors within the lake.
Environmental variables include tributary channel distance and lake elevation while
management variables include number of cutthroat stocked during the growth year and
number of lake trout stocked during the growth year. We hypothesize that cutthroat
growth will decrease with management variables such as the number of lake trout or
cutthroat trout stocked during the growth year due to competition for resources (Ruzycki
et al. 2001). We hypothesize that cutthroat growth will decrease as environmental
variables such as lake elevation or cobble availability decrease because food resources
may decline as lake elevation declines due to prey items being dependent on specific
habitat types that decrease with lake elevation (Helmus & Sass, 2008; Mittlebach, 1981;
Schindler, 2000; Werner et al., 1983). We used the following longitudinal modeling
approach that accounted for repeated measures of annuli, as well as fish and year
groupings, while identifying any relationship between growth and a suite of fish,
environmental, and management variables available:

(17)

𝑦𝑖j = 𝛽0 + 𝛽𝑋𝑖 + 𝑏𝑗 + 𝜀𝑖𝑗
𝑏𝑗 ~ 𝑁(0, 𝜎𝑏2 ), 𝑓𝑜𝑟 𝑗 = 1, … , 𝑗
𝜀𝑖𝑗 ~ 𝑁(0, 𝜎𝜀2 )
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In equation 9, 𝑦𝑖𝑗 is the growth observation of the jth fish, and 𝛽0is the mean of growth
observations over all fish. 𝛽 represents a vector of coefficients of covariates X in year j.
We used a random effect structure including varying slope for each individual fish. The
random effect of individual fish is represented by 𝑏𝑗 with variance 𝜎𝑏2 and 𝜀 is the residual
error term with variance 𝜎𝜀2 . Analyses followed Gelman & Hill (2008) as applied to fish
growth in Gaeta et al. (2011) and Morrongiello et al. (2001b) using R Cran package
‘lme4’ (version 1.1-12). All covariates were scaled and grand-mean centered prior to
analysis (Gelman & Hill, 2008). We fit models using maximum likelihood.
The cutthroat growth data were hierarchically structured with annuli-specific
growth observations (mm·year-1) nested as repeated measures within individual fish and
annuli observations among fish nested within year. We log-transformed length prior to
analysis to fulfill the linear regression assumption of normality. We included a quadratic
length term to improve model fit because preliminary model residuals exhibited a
quadratic pattern. In order for the model to converge, we scaled the quadratic term. We
allowed the inclusion of the main effects loge(length), scaled length2, lake elevation,
cobble availability, lake trout stocked during the growth year, and cutthroat stocked
during the growth year.
We based the evaluation of covariates in equation 9 using a forward model
selection procedure. We allowed for interactions among covariates when more than one
main effect was included in the model (Agrestic & Finlay, 2009). However, we did not
include interactions among length covariates to prevent collinearity and only allowed
interactions between loge(length) and environmental or management covariates, not
length2. At each step, the addition of a covariate or interaction to the model was
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contingent upon a Bayesian information criterion (BIC) improvement of >2 (Burnham &
Anderson, 1998). We allowed loge(length) and length2 to be included jointly in the model
to account for logarithmic and quadratic relationships, respectively, between growth and
length. By including those terms, we accounted for a decline in growth that increases with
length and a parabolic-shaped growth pattern with some optimal growth at intermediate
lengths (e.g., 150-200mm). We fit the final model and compared the model to the
intercept-only model using BIC and residual variance.

Results
Elevation-explicit Tributary Channel Distance
All tributary channel distances increased as lake elevation declined, though the
relationship varied among creeks (Figure 3.3). St. Charles Creek had the strongest
relationship as lake elevation declines with channel distance increasing 0.61 km as lake
elevation declines by 1 m. Swan Creek, however, had tributary channel distance increase
by 0.09 km as lake elevation declines by 1 m.

Bonneville Cutthroat Trout Ageing
We obtained growth estimates from 326 annuli from 50 individuals with growth
observations spanning 12 years (2004-2015). We aged otoliths from 50 cutthroat ranging
from 3+ to 11+ years old with a median age of 6+ (Figure 3.4). Fish included in our
analysis came from the 2004 – 2013 year classes, with the median year class of 2009.
Total length (mm) at capture ranged from 313.00 mm to 651.00 mm with a median of
521.00 mm (Figure 3.5).

68
Recruitment Analysis
Gillnetting samples included a range of cutthroat captured from age-1 to age-10,
according to the length-at-age relationship described above. The UDWR captured age-3,
age-4, age-5, age-6, and age-7 fish in more than 25% of all gillnetting events while age-1,
age-2, age-8, age-9, and age-10 fish were less common (Figure 3.6).
Migration distance was a strong predictor of recruitment. The addition of the
migration distance variable alone improved model fit by 43.34 BIC (BIC 1866.77) when
compared to the age-only model (BIC 1910.11). A statistically significant relationship
existed between age, average migration distance during the spawning season, and the
number of cutthroat caught per gillnet for the count model with absolute z-values of 6.44
and 6.62, respectively (Table 3.1). Residual variance was reduced by 2.43% from the ageonly model to the hypothesized model. We used a rootogram to evaluate model fit of the
count data and observed no abnormal patterns (Figure 3.7). Mean predicted CPUE for
ages 1, 3, and 7 appeared to fit the observed data and showed a similar trend in
recruitment as migration distance increased (Figure 3.8a-c). Simulations of mean
predicted CPUE across age for the maximum channel distance decrease by up to 61.54%
when compared to CPUE for the minimum tributary channel distance (Figure 3.8d).

Growth Analysis
The forward variable selection procedure identified loge(length) and scaled length2
as significant predictors of cutthroat growth:
𝑦𝑖j = 𝛽0 + 𝛽1𝑗 𝑥1𝑖𝑗 + 𝛽2 𝑥2𝑖 + 𝜀𝑖𝑗
(18)

2
𝛽1𝑗 ~ 𝑁(0, 𝜎𝛽1
), 𝑓𝑜𝑟 𝑗 = 1, … , 𝑗
𝜀𝑖𝑗 ~ 𝑁(0, 𝜎𝜀2 )
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where β0 represents the mean growth of all fish, β1j represents the slope coefficient for
loge(length) that varies by individual fish j, and β2 represents the slope coefficient for
scaled length2. The random effect of individual fish is represented by 𝑏𝑗 with variance 𝜎𝑏2
and 𝜀 is the residual error term with variance 𝜎𝜀2 . When compared to the intercept-only
model, adding loge(length) BIC decreased by 37.48 and adding scaled length2 decreased
BIC by 19.94 from the length-only model that included loge(length). Models including
average elevation, lake trout stocked, or cutthroat stocked during the growth year as
additional predictors performed poorly based on BIC. Total length was positively related
to growth, while total length2 was negatively related to growth (Table 3.2). Interpretation
of coefficients included in the model is not intuitive given two length metrics; however,
we observed the anticipated pattern of growth rate decreases with total length (Figure 3.9).
Final model predictions were consistent with observed values and residual error
was homoscedastic across response and predictor variables. Final model residuals
exhibited no unusual pattern across both predicted loge growth, loge total length, and
scaled total length (Figure 3.10). Residuals of the final model ranged from -0.797 and
0.910 with a mean of 3.50 · 10-15 and did not differ significantly from a normal
distribution when using a Shapiro-Wilk test (Shapiro and Wilk 1965).

Discussion
Multiyear droughts are associated with Bear Lake elevation declines upwards of
6.59 m below full pool. We quantified the tributary channel distance from full pool to the
lowest historical lake elevation for all spawning tributaries of Bear Lake. The massive
reductions in lake elevation during multiyear droughts have caused up to a 480% (from
0.75 km to 3.60 km) increase in the tributary channel distance for spawning tributaries of
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Bear Lake. When tributary channel distance is at the highest historical amount (i.e., low
lake elevation), we predict a 61.54% decrease in cutthroat recruitment compared to the
recruitment during periods with the minimum tributary channel distance observed (i.e., at
full pool). Cutthroat growth, however, was not associated with any environmental or
management predictors, specifically multiyear drought conditions or lake trout stocked,
respectively. Consequently, cutthroat trout in Bear Lake appear to be influenced by
multiyear drought at the population-level but not at the individual-level.

Recruitment
Juveniles and adults must migrate into and out of tributaries to complete their life
cycle (Nielson & Lentsch, 1988). Consequently, the potential effects of multiyear drought
and increases in tributary channel distance may negatively affect the Bear Lake
Bonneville cutthroat trout population during two distinct phases of their lifecycle: adult
cutthroat migrating into tributaries to spawn and juvenile outmigration from the tributaries
into the lake, both of which likely occur during spring runoff (Nielson & Lentsch, 1988).
Consequently, adult and juvenile fish face the same potential increases in predation due to
loss of refuge habitat (Lake, 2003; Magoulick & Kobza, 2003; Matthews, 1998; Schlosser
et al., 2000) and potential for stranding (e.g., Koel et al., 2005; Marsh & Marsh-Matthews,
2003) as multiyear drought influences water volume and flow. Potential increases in
predator-prey interactions may occur as well (Lake, 2003; Magoulick & Kobza, 2003;
Matthews, 1998; Schlosser et al., 2000) as water volume and flow decrease in tributary
systems, causing increases in predation by water birds such as American White Pelicans
(Scott Tolentino, personal communication, 2016; e.g., Stapp & Hayward, 2002) as
juvenile cutthroat trout migrate from tributaries into the lake. If adequate flow or water
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volume is not present during outmigration, the juvenile cutthroat may simply become
stranded in sand as the tributary dissipates prior to reaching the lake edge, preventing the
completion of their migration to the lake (Koel et al., 2005).

Individual Growth
Cutthroat growth was not associated with any environmental (i.e., tributary
distance) or management (i.e., amount of lake trout stocked) variables, but was related to
metrics of fish size as expected: as total length increases, growth decreases (Zale et al.,
2012). This deviated from our hypothesis that multiyear drought, in the form of changes in
lake elevation, or management decisions, such as the number of trout stocked per year,
would increase competition and, therefore, influence cutthroat growth. Other
undocumented factors, such as prey availability or lake temperature at various depths,
may be better predictors of cutthroat growth. While shoreline habitat changes drastically
as lake level declines (Chapter 2), very little lake volume is lost relative to lake level
decline. Adfluvial cutthroat trout are, by definition, pelagic during non-spawning periods
(Neilson & Lentschs 1988). Therefore, changes in littoral zone structure may not be a
factor in relation to cutthroat growth supporting our results that cutthroat growth rates
were not related to multiyear drought (i.e., lake elevation decline). No statistical
relationship existed between cutthroat growth rates and management decisions (i.e., fishes
stocked per year) due to the size of Bear Lake and the various sources of prey available to
the cutthroat (e.g., invertebrates and other fishes; Neilson & Lentsch, 1988).
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The Influence of Multiyear drought at the Population-level vs. the Individual-Level
We observed a contrast between the influence of multiyear drought and hydrologic
connectivity at the population-level and the individual-level. We hypothesize the contrast
is driven by the adfluvial life history of the cutthroat population. Juveniles can be limited
by the water quality (Lacroix, 1985), water discharge (Lobon-Cervia & Mortensen, 2005),
and food availability (Elliott 1989; Nehring and Anderson 1993) of their natal tributary,
influencing recruitment. The juvenile cutthroat out-migrate into the lake at age-1 or age-2
around roughly the same total length (Neilson & Lentsch, 1988) and are limited to the
conditions of their natal tributary channel and hydrologic connection during their outmigration. When out-migrating, the juvenile cutthroat either complete the migration to the
lake or die from predation or stranding. However, the possibility exists that adult cutthroat
may mitigate environmental effects on their growth due to multiple tributary, prey, and
habitats they use as mature, lacustrine fish.
Cutthroat are opportunistic predators and do not discriminate among trophic level
during feeding (Neilson & Lentsch, 1988; Ruzycki et al., 2001). Once in the lake, an
abundance and diversity of prey base exists (e.g., zooplankton, invertebrates, native and
non-native fishes; Neilson & Lentsch, 1988; Ruzycki et al., 2001). If environmental or
management variables influence one prey base, adult cutthroat may prey on an alternative
food source, potentially explaining the lack of statistical significance between growth and
our environmental or management variables. When adults migrate to tributaries to spawn,
they have four options for tributaries (St. Charles, Swan, Fish Haven, and Big Spring
Creeks), and each tributary varies annually in water quality, availability of spawning
habitat, water flow and volume, and tributary channel distance (Palacios et al., 2007). We
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hypothesize that adult cutthroat have many choices each spawning season; they either
spawn or do not spawn (e.g., Caromona et al. 2012), and if they do spawn they can choose
the best tributary, either in terms of migration distance (Jonsson et al., 1997), spawning
habitat, flow regime (Muhlfeld, 2002), or water quality. The Bear Lake strain of the
Bonneville cutthroat trout may exhibit the portfolio effect (e.g., Schindler et al. 2010) in
that their life history diversity (i.e., choosing whether or not to spawn and which tributary
to spawn in) may buffer the variability of the population after out-migration and buffer the
variability in individual growth rates associated with drought years.
The adfluvial life history of the Bear Lake Bonneville cutthroat trout and the
influence of multiyear drought through tributary channel distance on recruitment may be
naturally culling the cutthroat population. Our simulations predict that as the cutthroat
reach age 7 or older, fishes exposed to drought have a higher CPUE than those not
exposed to drought. Having less individuals within a year class may be advantageous as
less competition exists within a year class for food or habitat as the fish mature. Without
this potential cull, multiyear drought may influence cutthroat growth through densitydependent competition once cutthroat are in the lake (Lake, 2003). We have no evidence
that suggests Bear Lake Bonneville cutthroat trout have smaller growth rates relative to
other adfluvial populations of cutthroat trout, suggesting that management and research
efforts should focus on natural recruitment rather than individual growth. Inherent
tradeoffs exist between managing a species at the population-level or individual-level;
choices including bolstering the recruitment during drought or maintaining robust growth
rates should be considered for this population as multiyear drought is projected to increase
in the future (Cook et al., 2015; Ault et al., 2014).
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Study Considerations and Future Recommendations
Our study was a natural experiment and, therefore, we are unable to explicitly
confirm the mechanism(s) driving the observed reduced recruitment associated with
multiyear drought. However, our study had long-term data, which are critical when
attempting to understand anthropogenically-influenced whole-ecosystem dynamics
(Magurran et al. 2010, Canfield 2011) where replicates do not exist (Carpenter 2011a,
Carpenter et al. 2001c, Leavitt et al. 1989). Our study is analogous to whole-lake
manipulation research, which has been invaluable to advancing our understanding of
ecological phenomenon despite the absence of replicates (Carpenter et al., 2011;
Carpenter et al., 2001; Leavitt et al., 1989). Furthermore, data were opportunistically
acquired from historical surveys not designed to address our specific research questions.
These data, therefore, came with inherent limits. For instance, we used gillnetting CPUE
as a surrogate for recruitment, but patterns within CPUE datasets are often hard to discern
as only a very small percentage of the population is captured (Maunder et al., 2006;
Beverton & Holt, 1957; Walters, 2003). Indeed, only 29 cutthroat are caught per
gillnetting event on average, which is <0.1% of the population estimate of age-2 and older
individuals (31,000 cutthroat, 95% CI:10,000 & 51,000; Ruzycki et al., 2001). However,
we were still able to detect trends in recruitment analysis despite the incredibly small
percentage of fish captured, supporting the ecological significance of our findings. Both
data collection and models relating to growth and recruitment can be improved by
incorporating additional covariates. Future growth models should incorporate covariates
relating to prey abundance or competitor abundance, and future data collection should
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include estimates of stream velocity or water volume in tributaries may prove a more
useful predictor of recruitment or cutthroat growth.

Conclusion
After evolving for thousands of years in the drought-prone Great Basin (Behnke,
2002), the Bear Lake strain of the Bonneville cutthroat trout may be particulary well
suited to persist through to periods of multiyear drought. However, the Bear Lake
Bonneville cutthroat trout did not evolve to thrive through increased frequency and
duration of multiyear drought when exacerbated by human water use for irrigation and in
the face of predation by and competition with a non-native apex predator, lake trout
(Salvelinus namaycush). This is potentially all too similar other cutthroat strains, such as
the Yellowstone cutthroat trout, Oncorhynchus clarkii bouveri which are facing the near
catastrophic combination of multiyear drought as well as nonnative lake trout (Koel et al.,
2005). The Bear Lake strain of Bonneville cutthroat trout should be monitored
continuously. Furthermore, the management of Bear Lake as a reservoir should be
leveraged to conserve tributary connectivity during periods of multiyear drought to
alleviate the population-level effects of multiyear drought into the future.
As multiyear drought (Ault et al., 2014; Cook et al., 2015) along with human water
use (MacDonald 2010) are projected to increase in frequency and duration under future
climate scenarios, hydrologic disconnection is likely to increasingly influence
potadromous fish populations. Furthermore, multiyear drought cycles and hydrologic
disconnection rarely occur over in just one year. Therefore, potadromous fishes must
survive through multiple years of undesirable environmental conditions to complete their
lifecycle. Other studies of adfluvial cutthroat have similar conclusions: preserving
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connectivity between lakes and tributaries is essential for the persistence of potadromous
populations (Campbell, 2017). This may also be applicable to fishes other than salmonids
including adfluvial June sucker (e.g., Modde and Muirhead 1994), adfluvial longnose
suckers (e.g., Childress et al. 2016), fluvial largescale suckers (e.g., Schmetterling &
McFee 2006), or fluvial northern pikeminnow (e.g., Gadomski et al. 2001). However,
while we observed a population-level effect of multiyear drought on cutthroat, multiyear
drought and the associated increase in tributary distance does not appear to influence the
cutthroat at the individual-level. If most potadromous fishes follow the same pattern,
management strategies focusing on preservation of hydrologic connectivity, through
management of both tributary discharge and tributary-lake connection, only during
migration periods may be sufficient to conserve at-risk populations into the future.
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Tables and Figures
TABLE 3.1. Model results for the negative binomial regression component of the zeroinflated negative binomial (ZINB) recruitment model including coefficient estimates
(Coef Est.) and standard error (S.E.).
Negative Binomial regression component
Covariate
Coefficient S.E. Z-value
Intercept
-4.64 0.30
-15.39
age
0.23 0.04
6.44
migration distance
-0.14 0.02
-6.62
location north eden
0.16 0.12
1.27
depth 10 meters
0.44 0.32
1.36
depth 15 meters
0.64 0.29
2.22
depth 20 metes
0.86 0.29
3.01
depth 25 meters
0.67 0.29
2.31
depth 35 meters
0.72 0.29
2.46
depth 50 meters
0.67 0.29
2.29
log(theta)
0.62 0.31
2.04

TABLE 3.2. Selected model results with parameter standard deviations (SD), coefficient
estimates (Coef Est.), and coefficient standard errors (Coef S.E.). Parameter symbols in
parenthesis correlate with parameter symbols in equation 10.
Fixed Effects
Symbol n
Coef Parameter
Coef Est.
Coef S.E.
t-value
𝛽0
Intercept
3.828
0.387
9.888
𝛽1
loge total length (mm)
326
0.071
0.069
1.011
2
𝛽2
scaled total length
326
-0.299
0.041
-7.232
Random Effects
Parameter
Residual

(𝜎𝜀2 )

n
326

Individual fish slope

(𝜎𝑏2 )

51

SD
0.775

Intercept Model
Variance
0.131

Selected Model
Variance
0.106

0.106

0.136

0.029
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FIGURE 3.1. Bathymetry (5m by 5 m cell resolution, masl: meters above sea level) of
Bear Lake, UT-ID with perennial tributaries and boat launch sites. Perennial tributaries
and state borders downloaded from the Utah Automated Geographic Reference Center.
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FIGURE 3.2. Example Google satellite images of St. Charles Creek, a tributary of Bear
Lake, UT-ID, taken during 2012 (left) and 2003 (right). The yellow line represents the
tributary channel and stops when the channel appears to be inundated with water (left) or
when the channel is no longer visible in the sediment (right).
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FIGURE 3.3. Relationship between tributary channel distance (km) and lake level
relative to full pool (m) for Bear Lake, UT-ID. Tributary channel distance at lake level
was surveyed using google earth images. Grey line represents the lowest historical lake
level (1798.93 masl) also represented on the bathymetric map of Bear Lake (Figure 1).
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FIGURE 3.4. Frequency of the age of cutthroat for which we had otoliths from Bear Lake
Bonneville cutthroat trout gillnetted from Bear Lake, UT-ID in 2015 and 2016 (n= 50).
Ages were assigned using sagittal otolith readings from two independent readers.
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FIGURE 3.5. Total length (mm) at age boxplot for Bear Lake Bonneville cutthroat trout
aged from gillnetting samples in 2015 and 2016.
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FIGURE 3.6. Percentage of gillnet events on Bear Lake, UT-ID that did (light grey) or
did not (dark grey) capture 1 Bonneville cutthroat trout of a particular age (ages 1-10).
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FIGURE 3.7. Suspended rootogram with x-axis representing count bins and y-axis
representing the square root of the count (square root transformation allows for departures
between observed and expected to be visible even at small frequencies). Rootogram
displays zero-inflated negative binomial (ZINB) model residuals. Grey bars represent the
difference between the observed and expected counts: over estimation (above 0 line) or
underestimation (below zero line). Grey line represents expected counts from the model.
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FIGURE 3.8. Zero-inflated negative binomial model predicted age-specific Bonneville
cutthroat trout (BVCT) catch per unit effort (CPUE) (black line) and tributary channel
distance (grey dashed line) across year hatched (a-c). Shown with observed age-specific
BVCT CPUE during gillnetting events (transparent points). The zero-inflated negative
binomial model was used to estimate d) mean BVCT CPUE across age at maximum (95th
percentile; black squares) and minimum (5th percentile; grey diamonds) tributary channel
distance during spawning season (shown with standard error bars).
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FIGURE 3.9. Bear Lake Bonneville cutthroat trout growth model predictions across total
length (mm). Predictions for the grand mean model (black) with 95% confidence intervals
(light grey) and length-growth observations (black transparent points).
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FIGURE 3.10. Linear mixed model fit for Bear Lake Bonneville cutthroat trout growth a)
observed, loge growth (mm/yr) against predicted, loge growth and model residuals plotted
against b) predicted, loge growth (mm/yr), c) loge total length (mm), and d) scaled total
length2.
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CHAPTER IV
CONCLUSIONS

Multiyear drought and water withdrawal for human use affects hydrologic
conditions in aquatic ecosystems, leading to changes in lake elevation and tributary
discharge. Drought-driven reductions in lake levels can change habitat available and
aquatic connectivity between lake and tributary systems. Multiyear drought-driven habitat
loss or alteration in lentic ecosystems can affect littoral zones or aquatic connectivity,
influencing fishes dependent upon these habitats to complete their life cycle.
The Bear Lake sculpin (Cottus extensus) is a profundal fish species that is reliant
upon the littoral zone, and specifically littoral cobble, for spawning habitat. We tested
whether multiyear drought-driven reductions in littoral cobble could alter population
dynamics of the Bear Lake sculpin that only uses cobble for a limited part of their life
cycle. We found that declines in sculpin CPUE and recruitment are associated with
drought-driven declines in cobble habitat availability. We hypothesize some combination
of increased predator-prey encounter rates, loss of refuge habitat, or loss of spawning
habitat could contribute to the observed recruitment weaknesses and decline in CPUE
associated with drought. Multiyear drought-driven littoral habitat loss is, indeed,
associated with altered Bear Lake sculpin population dynamics, even though this
profundal species spends only a fraction of its life in littoral cobble.
The Bear Lake strain of the Bonneville cutthroat trout (Oncorhynchus clarkii utah)
is an adfluvial fish that spends the majority of the year in Bear Lake, but is reliant upon
connectivity between tributaries and the lake to migrate as both juveniles and adults. We
tested whether multiyear drought-driven reductions in tributary connectivity is associated
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with shifts in the Bear Lake strain of the Bonneville cutthroat trout at the population- and
individual-levels. We found that Bonneville cutthroat trout recruitment declined with
increases in tributary channel distance, but Bonneville cutthroat trout growth was not
associated with any drought metrics. We hypothesize that increased migration distance by
Bonneville cutthroat trout from natal tributaries to the lake contributed to the observed
weak recruitment. We hypothesize that Bonneville cutthroat trout growth is not influenced
by drought due to the opportunistic feeding behavior of the Bonneville cutthroat trout and
the abundance and range of prey in Bear Lake. Multiyear drought-driven reductions in
tributary connectivity do influence the Bonneville cutthroat trout at the population-level
but not the adult individual-level; migration distances influence the recruitment of the
population, but if the Bonneville cutthroat trout successfully migrate to the lake, enough
resources are available for the fish to be unaffected by drought at the individual level.
Our research empirically demonstrates that multiyear drought influences aquatic
ecosystems and fish species, regardless of trophic position, by reducing habitat availability
and connectivity. During multiyear droughts, these aquatic environments experience
habitat loss, which greatly influences fish life history strategies at multiple periods. Bear
Lake sculpin, a profundal species that spends relatively brief periods of its life in littoral
zones, can be greatly influenced by drought-driven habitat loss. Similarly, adfluvial
species that have little interaction with tributaries for the majority of the year can also be
greatly influenced by hydrologic connectivity during multiyear drought at the populationlevel.
Drought drives evolution in aquatic ecosystems (Boulton 2003, Lake 2003) by
exposing species to stress and forces species to adapt to survive, but anthropogenic
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stressors may ultimately exacerbate drought (Crook et al. 2010). Anthropogenic stressors
including habitat alteration (Smokorowski and Pratt 2007), non-native species
introductions (Strayer 2010), and altered flow regimes or impediments to migration
(Freeman et al. 2001) have resulted in an 81% decline in the abundance of monitored
freshwater populations between 1970 and 2012 (WWF 2016). Bear Lake sculpin and Bear
Lake strain of the Bonneville cutthroat trout adapted to persist through periods of
multiyear drought in the Great Basin (Sigler and Sigler 1987, Baily and Bond 1963,
Behnke 2002); however, these fishes did not evolve to survive through multiyear drought
in the presence of non-native apex predator and additional anthropogenic stressors, such
as water withdrawal for human use. Our research will hopefully serve as a case study for
the influence of multiyear drought-driven habitat loss on two fishes with disparate life
history strategies, one profundal and one potadromous, and help managers establish
ecosystem resilience to climate change and future drought in arid systems.
Future recommendations for these species largely revolve around more monitoring
and coordination with water managers and users. For the Bear Lake Sculpin, continuing to
measure sculpin captured in trawling events and extracting otoliths to establish new
length-at-age keys is essential for informing the health of the population. Sculpin otoliths
could also be used to establish a relationship between growth and the amount of cobble
available in Bear Lake in order to further examine the mechanisms behind Bear Lake
sculpin reliance on littoral cobble habitat. The knowledge regarding the life history of the
Bear Lake strain of the Bonneville cutthroat trout has potential to still be augmented. One
of the relationships that should be examined is the distribution of spawning Bonneville
cutthroat trout among tributaries during the spawning season. In order to study the
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distribution of Bonneville cutthroat trout in each tributary, or the Bonneville cutthroat
trout’s choice in spawning tributary depending on environmental conditions, passive
integrated transponder (PIT) tags should be injected into spawning Bonneville cutthroat
trout and PIT tag antennas should be installed in spawning tributaries. By PIT-tagging
spawning cutthroat and using mark-recapture events from all tributary streams, agencies
would be able to establish survival and recruitment relationships at a finer resolution than
currently available with gillnetting events only. Another life history aspect that should be
explored is the number of Bonneville cutthroat trout recruited from each tributary in order
to determine the tributary with the greatest recruitment potential. Tributary potential could
be established by using otolith microchemistry and tracing natal origin of the population
of Bonneville cutthroat trout to each of the spawning tributaries. Using otolith
microchemistry from older fish may also elucidate whether adult fish are faithful to their
natal tributary streams to spawn, or if the fish truly choose the best spawning tributary for
migration distance and spawning habitat during drought periods in order to increase
survival. Finally, monitoring tributary discharge year-round will establish a relationship
between drought, tributary channel distance, and recruitment of Bonneville cutthroat trout
not currently available with the current environmental monitoring, which could be easily
achieved by installing discharge gages in every spawning tributary.
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APPENDIX A
DEMOGRAPHICS OF THE BEAR LAKE BONNEVILLE CUTTHROAT TROUT
POPULATION USING MARK-RECAPTURE AND TRIBUTARY
ELECTROFISHING DATA

The Utah Division of Wildlife Resources (UDWR) marked cutthroat with floy
tags, also known as t-bar tags since 1975. The UDWR recaptured the fish throughout the
year during gillnetting, angling, trawling, and spawning trap sampling events. Only one of
four spawning tributaries of Bear Lake currently has a spawning trap (Swan Creek). The
majority of recapture events occur in the spawning trap during the spawning season, when
UDWR managers collect milt and eggs from migrating adults. These recapture events
have informed the 40-year historical dataset. We used program MARK (White and
Burnham 1999) and the long-term dataset to determine whether an interaction exists
between lake level decline and cutthroat recapture and survival rates.
During the summer of 2016 and 2017, we used three-pass depletion backpack
electrofishing in order to obtain current cutthroat abundance estimates for the tributaries
of Bear Lake. We chose the same 100meter reaches in Swan Creek, Fish Haven Creek,
and St. Charles Creek as the rapid habitat assessment surveys. Before sampling, we
blocked off each site with square mesh nets secured to the streambed. We sampled each
section with equal catch per unit effort each pass and remove fish from the section as they
are caught. We did not continue the depletion in a section if less than 10 fish are captured
during the initial pass. We will describe the demographics of the cutthroat marked or
recaptured within spawning tributaries using characteristics collected during tagging
events and electrofishing events.
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Results
Mark-Recapture
The 40-year mark-recapture dataset collected on Swan Creek did not provide
accurate vital rate estimates, but did provide demographic information. We have
concluded that reliable survival rate estimates cannot be calculated because of low (<0.15)
recapture rates (Figure A.1). Despite not having adequate data to estimate survival, the
long-term dataset does provide information on the demographics and patterns of the
spawning cutthroat. When cutthroat migrate to spawning tributaries, the majority of
adults, whether hatchery or natural origin, appear to migrate twice within a lifetime.
Within three tributaries of Bear Lake (Swan Creek, Big Spring Creek, St. Charles Creek),
9.80% of fish marked were recaptured more than one time. For fish marked twice, over
40.00% of fish returned to spawning tributaries after one year, and 29.00% returned after
two years.
3-pass Depletion
We sampled a total of 6 electrofishing hours on Fish Haven Creek during 2016 and
a total of 14.61 hours on Fish Haven Creek, St. Charles Creek, and Swan Creek during
2017. We captured young-of-year (YOY) (<80mm total length), juvenile (>80 - <180mm
total length), and adult fish (>180mm total length) in 2016 (Table A.1), while only
juvenile and adult fish were captured in 2017 (Table A.2). In 2016, Fish Haven Creek
fishes clearly displayed a bimodal distribution of total length from electrofishing events
(Figure A.2). The length-frequency distributions for the creeks sampled in 2017 were
bimodal for St. Charles Creek and unimodal for Fish Haven and Swan Creeks (Figure
A.3).
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We estimated the number of fish in each 100m shocking section using the Leslie
method of population estimation (Leslie and Davis 1939). The average number of
fishfrom the estimates are 48 fish * 100m-1 for Swan Creek, 195 fish * 100m-1 for St.
Charles Creek, and 140 fish * 100m-1 for Fish Haven Creek. The estimates for Swan
Creek and Fish Haven Creek are exclusively cutthroat trout. The estimate for St. Charles
Creek included rainbow trout (Oncorhynchus mykiss) and brook trout (Salvelinus
fontinalis). In each creek, 4.85%, 9.60%, 32.5% of cutthroat captured were resident, adult
fish (>180mm TL) in Swan Creek, Fish Haven Creek, and St. Charles Creek, respectively.

TABLES & FIGURES
Table A.1. Summary table for 2016 field season electrofishing events.
Fish Haven Creek Electrofished 2016
Total BVCT Captured
Adult BVCT Captured (> 180 mm TL)
YOY BVCT Captured (<80 mm TL)
Total Time Spent (hr)
CPUE (fish/hr)
Median TL (mm)
Range TL (mm)

607
2
278
6
101.17
123
20 - 255

Table A.2. Summary table for 2017 field season electrofishing events.
Bear Lake Tributaries Electrofished 2017
Creek
Total BVCT Captured
Adult BVCT Captured (> 180 mm TL)
Total Time Spent (hr)
CPUE (fish/hr)
Median TL (mm)
Range TL (mm)

Swan Fish Haven St. Charles
103

125

82

5

12

29

4.47

5.18

4.96

23.04

24.13

16.53

114

139

103

80 - 406

91 - 330

26 - 511
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Figure A.1. Recapture rates estimated using program MARK (White and Burnham 1999)
and UDWR historical mark-recapture dataset (1975 – 2015) for Bonneville cutthroat
trout in Bear Lake. Red line represents recapture rates for female fish and those of
unknown sex. Black line represents recapture rates of male fish.

Figure A.2. Length (total length, mm) frequency histogram of Bear Lake Bonneville
cutthroat trout electrofished in Fish Haven Creek captured during the 2016 field season.
Grey bars represent number of fish captured in length bin. Green line represents kernel
density probability at the length bin.
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Figure A.3. Length (total length, mm) frequency histogram of Bear Lake Bonneville
cutthroat trout electrofished in a) all tributaries cumulatively, b) Fish Haven Creek, c) St.
Charles Creek, and d) Swan Creek captured during the 2017 field season. Grey bars
represent number of fish captured in length bin. Colored lines represent kernel density
probability at the length bin.
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APPENDIX B
RAPID HABITAT ASSESSMENT OF BEAR LAKE SPAWNING TRIBUTARIES

We conducted rapid habitat assessment surveys in Swan Creek, St. Charles Creek,
and Fish Haven Creek to inform UDWR effort to calculate spawning capacity. We chose
random 100m reaches and segmented each reach into 5 sections that were 20m apart. At
each 20m transect, we measured wetted with (m), geomorphic class (riffle, run, pool), and
20 samples of substrate using a gravelometer. We categorized substrate as fines (<4mm
diameter), gravel (4- <64mm diameter), cobble (64- <256mm diameter), or boulders
(≥256mm diameter) (Wentworth 1922). We were unable to obtain flow measurements
during the spawning season due to flows being too high to safely sample, so no depths or
flows were taken during the rapid habitat assessment.
Results
Rapid Habitat Assessment
Due to tributary size, we established 7 transects on Fish Haven and St. Charles
Creek and 3 transects on Swan Creek. Riffles comprised the dominant geomorphic class
in Fish Haven Creek and Swan Creek transects while runs were most common in St.
Charles Creek transects (Table B.1, Figure B.1). The average wetted width for transects
in St. Charles Creek were largest followed by Swan Creek and Fish Haven Creek (Figure
B.2). None of the creeks had any fines sampled using the Gravelometer, and gravel was
the dominant substrate in all creeks (Table B.3, Figure B.3).
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TABLES & FIGURES
Table B.1. Percentage of geomorphic units (riffle, run, pool) for main spawning
tributaries of Bear Lake during rapid habitat assessment of multiple 100m transects in
2017.
Creek
% Riffle % Run % Pool
Fish Haven
58.57 34.28
7.14
St. Charles
31.43 57.14
11.43
Swan
53.33
40
6.67
Table B.2. Percentage of fines, gravel, cobble and boulders in rapid habitat assessment of
multiple 100m transects on three main spawning tributaries of Bear Lake in 2017.
Creek
% Fines % Gravel % Cobble % Boulders
Fish Haven
0.00
59.86
36.57
3.51
St. Charles
0.00
61.14
36.71
2.00
Swan
0.00
51.33
43.67
5.00
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Figure B.1. Boxplots of percentage of geomorphic units for three main spawning
tributaries of Bear Lake, UT-ID assessed using multiple 100-m transects during 2017.
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Figure B.2. Boxplots of wetted width for three main spawning tributaries of Bear Lake,
UT-ID assessed using multiple 100-m transects during 2017.
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Figure B.3. Boxplots of substrate size for three main spawning tributaries of Bear Lake,
UT-ID assessed using multiple 100-m transects during 2017.
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